Journal of Molecular Structure 1069 (2014) 23-49 



Contents lists available at ScienceDirect 

Journal of Molecular Structure 


epage: www.e 


m/locate/molstri 


Frontiers of two-dimensional correlation spectroscopy. Part 2. 
Perturbation methods, fields of applications, and types 
of analytical probes 

Isao Noda * * 

Department of Materials Science and Engineering. University of Delaware, Newark, DE 19716, USA 




CrossMark 


HIGHLIGHTS 


GRAPHICAL ABSTRACT 


' Comprehensive survey on 
experimental practices in 2D 
correlation spectroscopy. 
Perturbation methods, fields of 
applications, and types of analytical 
probes. 

Physical phenomena, chemical 
reactions, and biological processes 
with effects of temperature, 
concentration, pressure, etc. 

. Applications, like polymers, proteins, 
composites, solution mixtures, etc. 
i Probes, like IR, Raman, NIR, 
fluorescence, NMR, X-ray, Mass 
spectrometry, etc. 


Perturbation 

Mechanical, 
acoustic, 
thermal, etc. 


Probe 

IR, - 

Raman, NIR, 
etc. 


Sample system 

Polymer, protein, 
solution, composite, 
etc. 


2D correlation spectrum 



ARTICLE 


INFO 


ABSTRACT 


Article history: 

Available online 21 January 2014 


Keywords 

Spectroscopy 

Review 

Survey 

2DCOS 


Noteworthy experimental practices, which are advancing forward the frontiers of the field of two-dimen¬ 
sional (2D) correlation spectroscopy, are reviewed with the focus on various perturbation methods cur¬ 
rently practiced to induce spectral changes, pertinent examples of applications in various fields, and 
types of analytical probes employed. Types of perturbation methods found in the published literature 
are very diverse, encompassing both dynamic and static effects. Although a sizable portion of publica¬ 
tions report the use of dynamic perturbatuions, much greater number of studies employ static effect, 
especially that of temperature. Fields of applications covered by the literature are also very broad, ranging 
from fundamental research to practical applications in a number of physical, chemical and biological sys¬ 
tems, such as synthetic polymers, composites and biomolecules. Aside from IR spectroscopy, which is the 
most commonly used tool, many other analytical probes are used in 2D correlation analysis. The ever 
expanding trend in depth, breadth and versatility of 2D correlation spectroscopy techniques and their 
broad applications all point to the robust and healthy state of the field. 
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1. Introduction 

This survey review was compiled as the second part of the sev¬ 
enth in the series of comprehensive reviews [1-6] to mark the 
occasion of the Seventh International Symposium on Two-Dimen¬ 
sional Correlation Spectroscopy (2DCOS-7) held in Seoul, Korea in 
August 2013, covering the period between August 6, 2009 and July 
31, 2013. This article is a companion piece for another survey re¬ 
view prepared to cover the new concepts or ideas and emerging 
developments in the field [7], Current review focuses on notewor¬ 
thy experimental practices in the field of two-dimensional (2D) 
correlation spectroscopy, including the topics of various perturba¬ 
tion methods currently used in 2D correlation spectroscopy exper¬ 
iments, types of analytical probes employed, and pertinent 
examples of fundamental and practical applications. 

2D correlation spectroscopy was originally developed as an ob¬ 
scure mathematical tool to sort out information found in a time-re- 
solved IR linear dichroism spectrum observed for a polymer film 
undergoing a small-amplitude dynamic deformation [8,9], The 
basic idea of treating systematic time-dependent variations of 
spectral intensities induced by an external perturbation to con¬ 
struct 2D correlation spectra was established at this point. The 
introduction of the concept of so-called generalized 2D correlation 
analysis [10-12] dramatically expanded the field 2D correlation 
spectroscopy. Today, the experimental practices of 2D correlation 
spectroscopy routinely incorporate the use of various forms of per¬ 
turbation methods, such as thermal, electrical, and chemical per¬ 
turbations, application of different types of modern analytical 
probes, such as IR, Raman, NMR, X-ray, and fluorescence, and both 
fundamental and applied studies of a vast number of chemical, 
physical and biological systems [13], The current survey discusses 
the itemized topics of recent activities in the field. 

2. Dynamic or transient perturbations 

A sizable portion of the 2D correlation spectroscopy studies em¬ 
ploy dynamic or transient perturbation methods, which induce 
time-dependent spectral intensity variations reflecting the system 
response to a perturbation applied to the sample system. Fig. 1 
shows the distribution among 113 publications related to time- 
dependent phenomena studied by 2D correlation spectroscopy. 
Transient physical processes, such as dynamic response of a sam¬ 
ple to mechanical or acoustic stimuli, sorption, diffusion, evapora¬ 
tion and other spontaneous processes, crystallization and other 
physical phenomena are extensively studied representing about 
44% of the literature on dynamic systems. Chemical reactions 
and kinetics studies, such as polymerization and crosslinking, are 
also often reported. In the recent years, the number of reports 
has increased in the 2D correlation spectroscopy study of transient 
biological processes. Effects of the duration of exposure time to 
various treatments are also explored here. 

2.1. Physical process 

2.1.1. Repetitive or pulsed perturbations 

In early days, because of the advantage of signal-to-noise ratio 
gain in cumulative repetitive measurements, 2D correlation spec¬ 
troscopy experiments often utilized a fixed-frequency sinusoidal 
perturbation, such as small-amplitude dynamic mechanical defor¬ 
mation and acoustic stimuli, to induce similar sinusoidally varying 
spectral intensity responses suited for the subsequent 2D correla¬ 
tion analysis [8,9], Interestingly, there has been rather limited 
number of such sinusoidal perturbation schemes used in 2D corre¬ 
lation spectroscopy today. Li and Zhang [14] carried out dynamic 
2D IR photoacoustic spectroscopy (PAS) study of a layered polymer 


sample by using a step-scan FT IR spectrometer. Modulated PAS 
signals were generated by the repetitive fixed-frequency irradia¬ 
tion of IR beam to the sample to achieve the depth profiling of lay¬ 
ered materials. 

In contrast to the use of a simple sinusoidal perturbation, there 
have been some activities in the application of multiplexed or 
pulsed stimuli, which contains more than one frequency compo¬ 
nent of perturbation effect. Nishikawa et al. [15] reported the 2D 
correlation spectroscopy based on pulsed compression experiment, 
which was carried out with a step-scan ATR (attenuated total 
reflectance) FT IR instrument. In their approach, a series of soft 
pulses comprising a short duration of mechanical compression 
with a fixed frequency around microsecond time resolution was 
used. The resulting IR data were analyzed by the double Fourier 
transformation along the time axis of mechanical perturbation 
and the mirror position of the interferometer. This development 
is particularly significant in the field that it represents the possible 
emergence of pulse-based 2D correlation spectroscopy outside of 
NMR or nonlinear optical spectroscopy. Similarly, Rivallan et al. 
[16] reported the 2D pressure-jump adsorbed species IR technique. 
The Fourier analysis of time evolution of IR spectrum after sudden 
pressure change was carried out for the platinum-containing zeo¬ 
lite sample, and different CO oxidation activities were successfully 
detected for different locations. 


2.1.2. Sorption, penetration, diffusion and evaporation 

There have been a large number of reports related to the 2D cor¬ 
relation spectroscopy studies of time-dependent spontaneous 
physical processes which were induced by other than repetitive 
or pulsed perturbations. Spontaneous sorption, penetration and 
diffusion of small molecules interacting with host matrices were 
often studied. For example, Haider et al. [17] reported the 2D 
ATR-IR study of time-resolved adsorption-desorption spectra to 
detect the band shift effect, and selective poisoning of colloidal 
Au catalysis with thiols was explored. Chowdhury [18] used 2D 
surface enhanced Raman spectroscopy (SERS) to investigate the 
time-dependent adsorption of 2-aminobenzithiazole onto nano- 
colloidal silver surface. Le Bihan et al. [19] reported the 2D correla¬ 
tion study of liquid chromatography/mass spectrometry (LC/MS) 
data obtained for peptide fragments from cytoplasmic proteins. 
They found fragments with even similar mass and hydrophobicity 
could be differentiated with 2D correlation by taking advantage of 
slight difference in elution profiles, suggesting the potential of 



Fig. 1. Time-dependent phenomena studied by 2D correlation spectroscopy. 
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deciphering various peptide fragments without any prior knowl¬ 
edge of their origin. 

Liu et al. [20] used 2D ATRIR to examine the water desorption 
process from water-soaked cotton fibers. Hwang and Kim [21 ] used 
2D IR to study the plasma enhanced chemical vapor deposition as a 
function of precursor flow rate, which controls the chemical reac¬ 
tion. Correlation among structural modes and bonding groups 
were explored in this study. Tang et al. [22] reported 2D localized 
surface plasmon resonance spectra generated from time-resolved 
excitation spectroscopy results. Interaction between bovine serum 
albumin (BSA) and silver or gold nanoparticles was explored. Kaw- 
abe et al. [23] discussed the 2D IR correlation study of time-re- 
solved changes of polymer film with environmental effect 
imposed by using a flow cell. Khesbalc et al. [24] reported the 2D 
IR study of isothermal transition and conformational states of 
DNA based on transient IR spectra collected after pulsed hydration. 
Sinelli et al. [25] reported 2D NIR study of osmo-air dehydration 
process for blueberries by using various sugar solutions, and 
Kachrimanis and Griesser [26] studied time-dependent dehydra¬ 
tion process of a pharmaceutical ingredient carbamazepine dihyd- 
ridate by 2D IR. 

Musto et al. [27] used 2D IR for the investigation of the sorption 
process of water vapor in polyimide films. Different water mole¬ 
cules, such as self-associated and single monomeric water interact¬ 
ing with C=0 groups, were detected. Water sorption and 
desorption processes with a pharmaceutical amphiphilic copoly¬ 
mer poly(3-(2-methoxyethyl)-N-vinyl-2-pyrrolidone) investigated 
with 2D IR was reported by Lai and Wu [28], and different states 
of hydrogen-bonded water molecules were detected. Takumi 
et al. [29] used 2D correlation for external reflection-absorption 
IR spectra representing the time-dependent adsorption dynamics 
of hexadecylpyridinium and sodium dodecyl sulfate to air and 
water interface. Yang et al. [30] reported the 2D ATR IR study of dy¬ 
namic adsorption of catechol on goethite, which was influenced by 
pH but not by ionic strength. In another study, Yan et al. [31] 
examined the effect of dissolved organic matter on the desorption 
process of enrofloxacin onto montmorillonite under different pH. 
Katayama et al. [32] used NIR-ATR IR hetero-spectral correlation 
to characterize the rehydration process of Domyoji-ko, which is 
100% amylopectin starch obtained from glutinous rice flour and 
is capable of gelatinization either by heating or rehydration with¬ 
out heating. 

Spontaneous evaporation of volatile components provides a 
source of time-dependent spectra suitable for 2D correlation anal¬ 
ysis. Giangiacomo et al. [33] used 2D NIR to study the osmotic 
dehydration process of apple with hypertonic sugar solution to 
elucidate the chemical and spatial interactions of water and sugar. 
Sinelli et al. [34] used 2D diffuse reflectance NIR to study the osmo- 
air dehydration of blueberries during the drying process. Noda 
[35,36] discussed the application of 2D IR correlation in the analy¬ 
sis of time-dependent evaporation of mixed solvents which can be 
decomposed to individual component contributions. Pi et al. [37] 
used 2D ATR IR for the time-dependent evaporation of ethanol 
from the mixture with oleic acid or linoleic acid. Sequential order 
of steps involving the dissociation of carboxylic acid complex, fol¬ 
lowed by the formation of carboxylic acid dimers, leading to the 
self-assembly of dimers to form quasi-smectic liquid crystalline 
structure was determined. Chen et al. [38] used 2D IR to examine 
the room temperature volatilization of sweet and dry wine 
samples. 

Time-dependent diffusion and penetration processes have been 
extensively studied by 2D correlation spectroscopy. For example, 
Wang et al. [39] reported the 2D ATR IR study of the diffusion of 
water in poly(ether urethane) block copolymer to determine the 
sequential order of diffusion processes. Li et al. [40] used 2D IR 
and 2D NIR to probe the water diffusion in epoxy resins. Local 


chain reorientation and bond dissociation of water molecules were 
explored, and four types of different water molecules were identi¬ 
fied. Wang and Wu [41 ] reported the 2D IR study of water diffusion 
in poly(s-caprolactone). Diffusion of water in low-density polyeth- 
ylelen (LDPE) film at different temperature was also studied by 
Wang et al. [42], Similar behavior consisting of three different 
types (i.e., free, cluster, and bulk) of water was observed at differ¬ 
ent temperature. 

Hattori and Otsuka [43] used 2D NIR to analyze time-dependent 
water penetration into and interaction with disaccharide excipient 
of pharmaceutical tablets. Jin et al. [44,45] reported the 2D ATR-IR 
study of water diffusion in poly(metaphenylene trimesamide) 
layer of thin film composite membrane and in polylactic acid- 
polyethylene glycol block copolymer, and three different states of 
water molecules were detected. Fu and Lim [46] reported the 2D 
ATR IR study of the diffusion of multiple flavor components, 
including 2-octanone, hexyl acetate, octanal, limonene and linal- 
ool, in linear low density polyethylene (LLDPE). Sequential order 
of diffusion processes was determined. Lai et al. [47] used 2D 
ATR IR for diffusion of plasticizer tri-2-ethylhyxyltrimellitate in 
poly(vinyl chloride) film at different temperature, and specific 
interaction between C—Cl and C=0 groups was noted. 

2.1.3. Crystallization process 

Crystallization processes of various compounds are also studied 
in detail by 2D correlation spectroscopy. For example, time-depen- 
dent crystallization process of polybutene-1 which was accelerated 
with super critical CO2 was studied with 2D IR by Shi et al. [48] to 
probe the crystallization mechanism. Zheng et al. [49] used 2D cor¬ 
relation for the time-dependent IR spectra collected during the iso¬ 
thermal crystallization of syndiotactic polystyrene. Similarly, Liu 
et al. [50] applied 2D correlation to time-dependent IR spectra 
for the isothermal crystallization process of ice in poly(vinyl methl 
ether) solution. Smirnova et al. [51] reported the 2D synchrotron 
SAXS (small angle X-ray scattering) study and SAXS-WAXS (wide 
angle X-ray diffraction) hetero-correlation study of non-isothermal 
crystallization of hydrogenated polybutadiene with varying time 
and temperature. Three different regimes of structure develop¬ 
ment were identified. 

Ando et al. [52] applied 2D correlation for the analysis of time- 
dependent IR spectra during the isothermal melt crystallization of 
poly(L-lactic acid) (PLLA) nanocomposite with organically modified 
layered silicate. Sequence and mechanism of crystallization for 
nanocomposite was different from the neat PLLA. Chen et al. [53] 
used 2D IR to provide the detailed band assignments for poly(eth¬ 
ylene terephthalate) (PET) based on temperature dependence dur¬ 
ing the cooling from melt and time-dependence during the 
isothermal crystallization. Such spectra are very complex due to 
the effects of crystallinity and orientation. Guo et al. [54] reported 
the 2D WAXD and 2D SAXS, as well as WAXD-SAXS hetero-corre¬ 
lation study, of time-dependent isothermal crystallization of 
poly(hydroxybutyrate) (PHB). Multiple step processes of crystalli¬ 
zation were suggested. 

Hoshina et al. [55-57] reported the use of 2D terahertz (THz) 
spectroscopy in the analysis of temporal spectral evolution of 
PHB during the isothermal crystallization process. Two-step pro¬ 
cess involving the initial C—H- ■ 0=C hydrogen bond formation fol¬ 
lowed by the development of well-defined crystal structure was 
noted. Zhou and Xin [58] used 2D correlation for the time-resolved 
IR spectra observed during the isothermal crystallization of isotac¬ 
tic polypropylene (PP) containing various benzilidene acetal nucle¬ 
ating agents. With the nucleator, changes in methyl occurs before 
that for methane and C—C skeleton of PP, which is opposite of the 
neat PP. Xu et al. [59] studied the isothermal crystallization 
kinetics of isotactic PP containing grapheme oxide nanosheet, 
acting as a nucleation aid, with 2D IR. It was found that 
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conformational ordering occurs as a vanguard prior to the crystal¬ 
lization at the growth boundary. Wang et al. [60] reported the 2D 
1R study of the gradual cooling crystallization process of a -trans- 
1,4-polyisoprene. Presence of an intermediate state was detected 
prior to 2, helix formation. 

2.1.4. Other transient physical phenomena 

Many other transient physical processes are analyzed by 2D 
correlation spectroscopy. Piccinini et al. [61] used 2D NIR FT Ra¬ 
man spectroscopy to analyze the starch retrogression process 
observed during the aging of Semolina bread crumb. De la Arada 
et al. [62] used 2D IR to probe the aggregation process of amyloid 
fibril formation for bovine and human serum albumin. Tang et al. 
[63] applied 2D correlation analysis to time-resolved light scatter¬ 
ing during the phase separation of epoxy-amine-polyethersul- 
phone blend. Sequential order of domain size coarsening 
processes in both diffusion regime and hydrodynamic regime were 
determined. 

Park and Kim [64] reported an interesting application of 2D 
SERS. Strong synchronous correlation, indicative of spectral won¬ 
dering observed in time-dependent charge-transfer-enhanced sin¬ 
gle molecule SERS of 4-aminobenzenethiol, was reported. Kim 
et al. [65] used 2D diffuse reflectance IR spectroscopy (DRIFTS) to 
study the thermal annealing mechanism and micro-structural 
changes of tin-doped indium oxide nanoparticles. Luo et al. [66] re¬ 
ported the use of 2D NIR for the on-line detection of time-depen- 
dent variations of sugar content of jujube. Park et al. [67] used 
2D ATR IR to study the gelation process of poly(N-isopropylacryl- 
amide) (PNIPAM) hydrogel above and below the lower critical 
solution temperature (LCST). Zhang et al. carried out a systematic 
study of 2D NIR of glucose solution aimed at the detection of 
chance correlation, such as instrument time drift, sample temper¬ 
ature variations, and interferent compositions. 

2.2. Chemical reactions 

2.2.1. Polymerization and crosslinking 

2D correlation spectroscopy has been extensively utilized in the 
analysis of time-dependent spectral data obtained during various 
chemical reactions, including polymerization and curing or cross- 
linking reactions. For example, Ryu et al. [69] reported 2D IR and 
IR-NMR hetero-spectral correlation study of a free radical polymer¬ 
ization process of poly(vinylpyrrolidone) with AgN0 3 chain trans¬ 
fer agent. Su et al. [70] used 2D IR for the real-time monitoring of 
the polymerization reaction of partially crosslinked polyacryl¬ 
amide. Huang and Kuo [71 ] used 2D IR to study the curing kinetics 
and mechanisms of polybenzoxazine and polyhedral oligomeric 
silsesquxanes nanocomposite. Spegazzini et al. [72,73] reported 
the 2D IR study of the cross linking reaction of epoxy resin diglyc- 
idyl ether of bisphenol A with rare earth triflate initiators, and 
presence of two reaction mechanisms was confirmed. 

Curing process of epoxy resin was also studied by Yu et al. [74], 
who reported the 2D IR study of parallel reactions of cationic poly¬ 
merization and esterification progressing together during the cur¬ 
ing process of epoxy resin with a polyoxometalate catalyst along 
the reaction time. Yamasaki and Morita [75] used 2D IR, 2D NIR, 
and IR-NIR hetero-spectral correlation to elucidate the reaction 
mechanisms and kinetics of isothermal curing process of bisphenol 
A epoxy resin with polyamine reagent by distinguishing dynamics 
of the primary and secondary amine. Chae et al. [76] used 2D IR to 
study thermal cure kinetics and structural changes of phenylethyl 
end-capped imide compound. 

2.2.2. Other chemical reactions 

Many other chemical reactions were also studied. Lednev and 
Shashilov [77] reported the 2D deep UV resonance Raman study 


of the H/D exchange reaction of in vivo protein structural evolution 
of amyloid fibril, especially at the early stage of fibrillation. Tang 
et al. [78] reported the UV-visible extinction spectroscopy study 
of halide ion etching reaction of silver nanoprism to nanodisks. 
The transformation of nano particle shape was probed by the 
intensity time-evolution of surface plasmon resonance peaks, 
which are characteristic to shape and size of noble metal 
nanoparticles. Complete synchronization of the disappearance of 
nanoprisms and appearance of nanodisks indicated the pseudo- 
first-order reaction. Del Rio et al. [79] used 2D NIR to demonstrate 
the competing amidation of oxirane ring opening and amide for¬ 
mation reactions in epoxidized methyl oleate and aniline system 
to simulate curing of epoxy resin. 

Fernandez et al. [80] reported the 2D IR study of zeolite cataly¬ 
sis of isomerization of o-xylene. Sun and Wu [81] generated 2D 
ATR-IR spectra from real-time monitoring of Cu(I)-catalyzed 
azide-alkyne “click” cycloaddition reaction to provide mechanistic 
understanding of the consumption of alkyne and azide followed by 
the formation of 1,2,3-triazide product. Mezzetti et al. [82] carried 
out 2D IR study based on the time-resolved difference spectra ob¬ 
tained during the photo-induced ubiquinol formation in the reac¬ 
tion centers isolated from Rhodobacter sphaeroides. Quaroni et al. 
[83] reported the 2D synchrotron FT IR study of living retinal rod 
cells by using time-resolved spectra collected after photo-stimula¬ 
tion. Rodrigues et al. [84] reported the 2D NMR correlation study of 
beer under forced aging reaction, and inter-compound dependenc¬ 
es of degradation products were detected. Sun et al. [85] used 2D 
fluorescence correlation to examine the oxidation reaction of tyro¬ 
sine. Yan et al. [86] applied 2D correlation to time-resolved sur¬ 
face-enhanced IR absorption spectroscopy (SEIRAS) during the 
electrochemical reaction of water at CO predosed Pt electrode 
interface under strong hydrogen evolution. 

Zrelli et al. [87] reported an intriguing temperature modulation 
technique, which can be potentially applicable to dynamic 2D cor¬ 
relation analysis. Selective titration of biological mixture samples 
undergoing two-state exchange reaction was described, indicating 
the out-of-phase concentration oscillation. Andraka et al. [88] 
reported the 2D IR study of metabolic changes of normal and can¬ 
cerous keratinocyte cells with time after irradiation with different 
dosage. Cheon et al. [89] used 2D IR combined with chemometrics 
to study chemical reaction dynamics of sterically hindered alkanol- 
amine and C0 2 . Choi et al. [90] used 2D IR for time-dependent con¬ 
version of carbanion to bicarbonaion in the aqueous reaction of 
C0 2 and NH 3 . Doan et al. [91] reported the application of 2D 
correlation in ultrafast spectroscopy. Time-resolved spectra of 
photo-induced decarbonylation reaction of nanocrystalline diphe- 
nylcyclopropenone were analyzed. 

Musto et al. [92] reported the use of 2D ATR IR spectroscopy in 
the study of photo-oxidative degradation reaction dynamics of 
epoxy resin stabilized with polyhedral oligomeric silsesquioxane 
nano filler, as an organic-inorganic hybrid composite. Qu et al. 
[93] applied 2D IR to a hydrolytic condensation reaction process 
of polyhedral oligomeric silsequioxanes, and synthesis of linear, 
cyclic and then cage-like siloxanes were observed. Spegazzini 
et al. [94] reported the use of 2D NIR to study the chemical reaction 
process of phenol with phenylisocyanate to produce diphenylure- 
thane isomers. Xiang et al. [95] used 2D IR to study a thermo oxi¬ 
dative degradation process of styrene-butadiene rubber. Popescu 
and Simionescu [96] reported the 2D IR study of environmental 
weathering process for acrylic copolymer film and acrylic coated 
lime wood (Tillia cordata Mill). 

2.3. Biological processes and related topics 

Applications of 2D correlation spectroscopy in the time-depen¬ 
dent processes associated with biology, life science and medical 
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field have expanded considerably. A number of publications ap¬ 
peared on the use of NMR spectroscopy coupled with statistical 
treatment on time-dependent metabolic systems. Guyett et al. 
[97] used statistical total correlation 2D NMR or STOCSY to detect 
signals originating from the same compound during the enzymatic 
conversion of UDP-a-D-glucuroic acid. Kirwan et al. [98] reported 
the 2D correlation NMR applied to metabonomics time study of hu¬ 
man blood plasma obtained from subjects recovering from exhaus¬ 
tive exercise with ingestion of controlled diet. Robinette et al. [99] 
used 2D correlation NMR combined with cluster analysis to analyze 
the time-dependent variation of rat urine during the L-arginine in¬ 
duced pancreatitis development. Sonker et al. [100] also used STO¬ 
CSY for transient metabolic flux of phage infection. Xu et al. [101] 
reported the statistical hetero-sample correlation between urine 
and serum 'H NMR spectra from metabolomic data sets. 

The use of 2D correlation in biological processes is not limited 
to NMR studies. Yao et al. [102] reported a form of 2D correlation 
spectroscopy based on UV-visible reflectance spectro-radiometry. 
Winter wheat leaf nitrogen accumulation per soil area (LNA) was 
correlated over time against ratio spectral index (RSI), which is a 
ratio between reflectance measured at two different wavelengths. 
Statistical coefficient of determination obtained by the regression 
analysis was plotted as a 2D map to detect the most reliable RSI 
indicator for LNA. Liu et al. [103,104] used 2D ATRIR for cotton fi¬ 
bers with different maturity stages, determined by the days after 
flowering. Saskura et al. [105] applied 2D IR for time-dependent 
secondary structure changes of Ca 2+ -binding protein calmodulin 
with its antagonist. Sikirzhytski et al. [106] used 2D deep UV reso¬ 
nance Raman to determine the sequence of the fibrillation process 
of genetically engineered model polypeptide. Saguer et al. [107] 
applied 2D IR to the study of porcine blood plasma proteins, and 
kinetics of thermally induced aggregation process at different pH 
was determined. 

Yu et al. [108] used 2D IR, 2D NMR and IR-NMR hetero-spectral 
correlation to study the extracellular polymeric substances in bio¬ 
films developed during composting as a function of time. Wang 
et al. [109] used 2D IR to study biopolymer degradation during 
the composting process of rapeseed meal and what bran. Degrada¬ 
tion sequence influenced by the distribution pattern was identified 
as cellulose first, then heteropolysaccharides, followed by proteins. 
Kirwan et al. [110] reported 2D correlation 31 P NMR study of 
growth process of a plant pathogen Phytophthora palmivora with 
and without phophonate. Nishi et al. [Ill] reported 2D NIR-IR het¬ 
ero-correlation for monitoring the ethanol content during fermen¬ 
tation process with a newly developed dual region spectrometer. 
Ricci et al. [112] reported the 13 C NMR STOCSY applied to the time 
course study of yeast Saccharomyces cerevisiae fermentation with 
different ethanol concentration. 

2.4. Duration of exposure to stimuli 

While dynamic perturbations may induce time-dependent 
spectral responses of samples, static perturbations should result 
in more or less steady or stationary spectral responses not varying 
but remain constant with time when spectra are collected. This 
distinction becomes somewhat ambiguous if the perturbation var¬ 
iable turned out to be a period of time during which the sample is 
being exposed to some sort of stimulus. One must expect that the 
constituents of the sample system must be dynamically evolving 
during the exposure time. However, once the exposure is termi¬ 
nated, and the spectral measurement is carried out after the expo¬ 
sure, the system might have already ceased to change as a function 
of time. In any case, 2D correlation spectra can still be readily con¬ 
structed and analyzed by using the exposure time, not the time 
during the spectral measurement, as the perturbation variable. 


There are a number of 2D correlation spectroscopy studies that 
utilize the sample treatment time as a perturbation variable. For 
example, Caerda-Costa et al. [ 113 ] reported the 2D IR study of tem¬ 
perature-induced conformational reorganization and aggregation 
of activation domain of human procarboxypeptide as a function 
of incubation time at 90 °C. Mecozzi et al. [114] used 2D IR and 
UV-visible-IR hetero-correlation to study the aggregate formation 
process of marine mucilage as a function of incubation period. 
Popescu et al. [ 1 15-118 ] reported the 2D IR study of lime wood ex¬ 
posed for different time period to various factors, including soft-rot 
fungus to induce decay. Detailed steps of enzymatic oxidation and 
hydrolysis of cellulose and hemicellulose were elucidated. Gasper 
et al. [119] reported the 2D IR study of human prostate cancer cells 
in the presence of two different cardenolides with different incuba¬ 
tion time after the exposure. Palszkiewicz et al. [120] applied 2D IR 
to nucleation and growth of apatite on a nanocomposite compris¬ 
ing chitosan and montmorillonite, which was exposed to simulated 
body fluid for different incubation period up to 18 days. 

Irradiation of samples with an electromagnetic wave, such as 
UV light, is a very common dosage-dependent perturbation meth¬ 
od used in 2D correlation spectroscopy. For example, Kim et al. 
[121] and Lee et al. [122] studied UV-irradiation-induced molecu¬ 
lar reorientation of photosensitive polyimide with cinnamate side 
group and trans-cis isomerization of photo-sensitive polymer 
poly(4-methacryloyloxazobenzene) under different UV doses with 
2D IR. Hur et al. [123] reported the 2D fluorescence study of leaf 
litter humic substance and Suwannee River fulric acid under differ¬ 
ent UV irradiation time. Lee et al. [124] reported the 2D IR study of 
photodegradation of PET film with varying UV-irradiation time to 
identify the degradation products. Zhong et al. [125] used 2D IR 
to examine photochromic behavior of polyoxometalate in cured 
epoxy resin after UV irradiation to determine the sequence of elec¬ 
tron movements. 

Wang et al. [126,127] reported the 2D IR study of the photo-in¬ 
duced orientation of epoxy-based polymers with azo chromoph- 
ores under different irradiation time of polarized laser. Makie 
et al. [128] reported the 2D DRIFTS study of solar-light-mediated 
degradation reaction of organophosphane compounds on hematite 
or goethite nanoparticles with different irradiation time. Cozzolino 
et al. [129] used 2D NIR reflectance for red grape homogenate ex¬ 
posed to different microwave heating time. Gomaa et al. [130] used 
2D IR to probe the effect of microwave exposure treatment and 
temperature on the H/D exchange of p-lactoglobulin in D 2 0. Sui 
et al. [131] used 2D derivative thermogravimetry to study the 
decomposition reaction of polyester-urethane adhesive with dif¬ 
ferent doses of y-ray irradiation. 

Duration of exposure to physical phenomenon as a perturbation 
is not limited to electromagnetic irradiation. Shinzawa et al. [132] 
reported the 2D correlation study of time-dependent NIR spectra 
during the spontaneous evaporation of moisture from cellulose 
excipient for pharmaceutical tablets to probe the effect of the dura¬ 
tion of preparatory grinding operation, which lowers the crystallin¬ 
ity, and consequently the distribution of the absorbed, bound and 
free water content. Kamerzell et al. [133] applied 2D correlation 
to size exclusion chromatography to probe the stability and rela¬ 
tive sequence of the hinge region fragmentation of immunoglobu¬ 
lin gamma under different storage time and elution time. 

Duration of chemical exposure time is also used in 2D correla¬ 
tion spectroscopy applications. Andary et al. [134] used 2D correla¬ 
tion chromatography to study valorization of olive stones by dilute 
acid hydrolysis followed by varying the duration of over-liming 
process to increase sugar content. Pietroletti et al. [135] reported 
the 2D IR study of pollutant removal by marine alga Caulerpa race- 
mosa exposed to various hydrocarbons. Makie et al. [136] reported 
the 2D DRIFTS study of the adsorption of trimethyl phosphate onto 
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nanoparticles of hematite, maghemite, or goethite with varying 
dosing time of organophosphate. 


3. Static perturbations 

Perturbation of samples with some form of a static effect repre¬ 
sents the dominant form of 2D correlation spectroscopy experi¬ 
ments today. The number of published papers is about three 
times greater than the case for dynamic perturbations. Fig. 2 shows 
the distributions among 298 publications found using static per¬ 
turbations for 2D correlation spectroscopy. Temperature effects 
are the most popular form of static perturbation methods, repre¬ 
senting about 54% of published literature in this category. Spectral 
variations arising from changes in concentrations are also actively 
studied in 2D correlation, showing about 28% of publications. Elec¬ 
tromagnetic effects and other forms of static perturbations are also 
used in a number of publications. 


3.1. Temperature 

By far the most popular perturbation method used in 2D corre¬ 
lations spectroscopy is the effect of temperature variation. There 
are numerous reports on the analyses of spectral data obtained un¬ 
der increasing or decreasing temperature to induce reversible or 
irreversible changes of the samples. Examples of temperature 
effects studied by 2D correlation spectroscopy include conforma¬ 
tional changes of proteins, aggregation of colloidal systems, various 
hydrogen bonding interactions, structural changes of metal-organ¬ 
ic complexes, melting and crystallization processes, phase transi¬ 
tion phenomena, and the like. 


3.1.1. Conformational changes of proteins 

2D correlation spectroscopy study of thermally induced confor¬ 
mational changes of the secondary structures of various proteins is 
a very active area of research. For example, Das et al. [137] 
reported the 2D SERS study of the temperature-induced conforma¬ 
tional changes of proteins, e.g., bovine serum albumin, lysozyme, 
ribonuclease A, and myoglobin, with nano-structured SERS sub¬ 
strates. De la Arada et al. [138] used 2D 1R to study the tempera¬ 
ture-induced conformational transition of peptide. Fabian et al. 
[139] carried out the 2D 1R analysis to determine the sequential 
order of the thermal unfolding of Cro repressor of the X phage 
and its variants. Popescu et al. [140] used 2D IR to probe the 



Fig. 2. Static perturbation effects used in 2D correlation spectroscopy. 


mechanism of temperature-induced secondary protein structure 
changes of soluble elastin. 

Wang et al. [141] used 2D IR for the temperature-induced 
unfolding of conformational structures of glucose oxidase protein. 
Zhang et al. [142] reported the use of concatenated 2D IR correla¬ 
tion analysis to detect the heating and cooling hysteresis observed 
for the thermally induced unfolding of bovine pancreatic ribonu¬ 
clease A. Gao et al. [143] used 2D IR for thermally induced confor¬ 
mational changes of apoptosis inhibitor protein. Li and Li [144] 
reported the 2D fluorescence study of temperature-induced dena- 
turation process of collagen dissolved in glycerol or 2-propanol and 
found that the former promote dissociation while latter aggrega¬ 
tion. Sovova et al. [145] used 2D IR, 2D Raman, and IR-Raman het- 
ero-spectral correlation to study the thermal dynamics of natural 
killer cell receptor proteins. 

Ausilli et al. [146] reported the 2D IR study of three-step ther¬ 
mal unfolding of zinc-dependent alcohol dehydrogenase obtained 
from hyper thermophilic archeon microorganism. Chen et al. 
[147] used 2D IR for the thermal denaturation study of uncross- 
linked and crosslinked collagen. Guo et al. [148] also used 2D IR 
for the study of temperature-induced denaturation of aqueous col¬ 
lagen solution. Pastrana-Rios and Lloro-Manzano [149] were 
granted a United States patent on the method for determining 
the aggregation, stability and viability of proteins, peptides and 
peptoids based on 2D IR study of thermally induced unfolding. Tian 
et al. [150] used 2D IR for the thermally induced conformational 
transition of soy protein and noted that some changes are revers¬ 
ible. Scire et al. [151] used 2D IR for the temperature effect on 
rat odorant-binding protein, and intermediate state was detected 
before aggregation and denaturation. Sosa et al. [152] reported 
the 2D IR study of thermally induced structural changes of com¬ 
plex between calcium binding protein centrin and model peptide 
melittin. 


3.1.2. Association, self-assembly and gelation 

Association, self-assembly and gelation are also very popular 
topics in temperature-based 2D correlation spectroscopy. For 
example, Sun et al. [153] used 2D NIR to probe the temperature-in¬ 
duced transformation of aggregate species of pyrrole from polymer 
to dimer to monomer form. Transformation of dimers from T- 
shaped geometry to anti-parallel geometry was indicated. Tang 
et al. [154] studied the temperature effect on the self-association 
of 2-pyrrolidone in the pure liquid with 2D NIR. Park et al. [155] 
used 2D DRIFTS to study the temperature effect on self-assembled 
thin films of sensitizing dye for solar cells on nanocrystalline Ti0 2 
surfaces. Shi et al. [156] used 2D IR to determine the sequential re¬ 
sponses of components to thermal perturbation of polystyrene and 
ionic liquid composite membrane, and local aggregate domain dis¬ 
tribution within polymeric network was elucidated. Shinzawa 
et al. [157] investigated the self-assembly of oleic acid with 2D 
ATR IR under the multiple-perturbation consisting of pressure 
and temperature. 

Jia et al. [158] used 2D IR to examine the step-by-step molecu¬ 
lar level mechanism of the temperature-induced micellization pro¬ 
cess of an aqueous solution of a block copolymer, involving 
conformational transition, dehydration, hydrogen bond breaking, 
and hydrophobic association. Sun and Wu [159] studied the gela¬ 
tion microdynamics of N-octyl-D-gluconamide upon cooling by 
2D NIR. Sequential order analysis revealed the continuous dehy¬ 
dration process from the octyl tail to the chiral carbohydrate head 
group. Wang and Wu [160] studied the temperature induced gela¬ 
tion microdynamics of poly(N-isopropylacrylamide) (PNIPAM) in 
ionic liquid by 2D IR. Saguer et al. [161] reported the 2D IR study 
of the heat-induced gelation of whole porcine blood plasma and 
serum proteins. 
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3,1.3. Hydrogen bonding 

Hydrogen bonding plays an important role in the molecular 
interactions of various chemical and biological systems. The tem¬ 
perature sensitivity of hydrogen bonding is one of the very active 
areas of research in 2D correlation spectroscopy. For example, Li 
et al. [162] studied the temperature-induced changes in the hydro¬ 
gen bonding of sodium salt of carboxymethyl cellulose by 2D IR. 
Czarnecki et al. [163] reported the 2D NIR study, assisted with den¬ 
sity functional theory calculation, of hydrogen bonding interaction 
in cyclohexanol and water mixtures under different temperature. 
Haufa and Czarnecki [164] reported the 2D NIR study of aminoal- 
cohols in the pure liquid state, as well as in CC1 4 and water with 
varying temperature. Both inter- and intra-molecular hydrogen 
bonds were detected in their study. 

Liu et al. [165] studied the temperature effect on methanol and 
ethanol to probe the evolution of different hydrogen bonding asso¬ 
ciation structures by 2D NIR. Liu et al. [166] reported the 2D IR 
study of the temperature-dependent interaction between 4-ami- 
nopyridine and methacrylic acid. Sun and Wu [167] used 2D NIR 
to study the thermally induced evolution of mixtures of an ionic li¬ 
quid, l-butyl-3-methylimidazolium tetrafluoroborate, with water 
to probe the detailed mechanisms of various hydrogen-bonding 
interactions. Szyc et al. [168] reported the 2D IR study of the tem¬ 
perature-dependent complexation chemistry of 2-pyridone, which 
isomerizes to 2-hydroxypyridine, in CD 2 C1 2 . Cyclic dimer, solute- 
solvent complex, and chain-like dimer were detected. Balevicius 
et al. [169] carried out the 2D IR study of matrix-isolated propanol 
clusters under thermal perturbation to probe hydrogen-bonded 
aggregates. Radice et al. [170] used 2D IRfor the temperature study 
of hydrogen bonding in fluorinated amide. 

The position of the peak maximum of IR absorption associated 
with hydrogen bonding is known to shift with temperature. 2D 
correlation spectroscopy is a good tool to determine the origin of 
this apparent peak position shift. Ryu et al. [171] examined with 
2D IR such peak position shift phenomena. Moving window princi¬ 
pal component analysis (PCA) along the wavenumber axis turned 
out to be a useful tool because true band frequency shift cannot 
be modeled by a linear combination of only a few factors. It was 
concluded that the apparent shift of a hydrogen-bonding absorp¬ 
tion peak usually originates from the overlapped contributions of 
different species which changes their population distributions with 
temperature. 

Further 2D IR work combined with various forms of waterfall 
plots was carried out by Ryu et al. [172] to probe the peak position 
shift phenomenon. Simulated spectra, temperature dependent IR 
spectra of ethylene glycol, and concentration dependent spectra 
of acetone in CHC1 3 and CC1 4 mixture were studied. 2D correlation 
spectra can clearly distinguish the true shift of band frequency vs. 
effect of relative intensity changes of overlapped bands, while 
waterfall plots often fails to give unambiguous distinction. Czar¬ 
necki [173] also examined the temperature-induced peak position 
shift of hydrogen-bonded systems, like cyclohexanol, by 2D NIR. It 
was concluded that in most cases, changes in intensities of adja¬ 
cent bands instead of frequency shift of a single band is a more 
plausible cause to explain the peak shift. Czarnecki [174] also 
reported the 2D NIR study of the temperature dependence of the 
hydrogen bonding of diamine-water mixture. Li et al. [175] 
studied the temperature dependence of hydrogen bonding of ther¬ 
moplastic segmented polyurethane. 

Noncovalent interactions, such as 7t-7t interaction and hydrogen 
bonding, play an important role in structural development and 
stability of a number of metal and organic ligand complex systems. 
While the former may be probed by magnetic perturbation, the lat¬ 
ter is most effectively studied by thermal perturbation. For exam¬ 
ple, Chai et al. [176] used thermal and magnetic perturbations of 
hydrothermally synthesized compound made from bismuth and 


a flexible ligand N,N'-diacetic acid imidazolium chloride. Chen 
et al. [177] reported the 2D IR and 2D UV study of hydrothermally 
synthesized rare earth 3-bi-pyridine polymer under thermal and 
magnetic perturbation. Lei et al. [178] used 2D IR to study samples 
of hydrothermally synthesized divalent transition metal carbo- 
xyarylphosphonates with different structures under thermal and 
magnetic perturbation. Dramatically different 2D IR spectra 
obtained by their study indicate different sensitivities of groups 
to different stimuli. 

2D IR study of crystals of carboxylate metal coordination com¬ 
pounds hydrothermally synthesized with 3-methylbenzoic acid 
was reported by Chen et al. [179], Li et al. [180,181] also reported 
2D IR study of porous organic-inorganic hybrid compound of poly- 
oxovanadium borate under magnetic and thermal perturbations. 
By using 2D IR, Chen et al. [182] examined temperature-induced 
changes of clusters of polyoxometalates, which were hydrother¬ 
mally synthesized with different carboxylic ligands and photocat- 
alytic activities, having different stability. Hu et al. [183] reported 
the 2D IR study of organically templated aluminoborate with 
quasi-aromaticity, showing the thermal sensitivity of hydrogen 
bonding and magnetic sensitivity of n bonds. Mei et al. [184] stud¬ 
ied hydrothermally synthesized lanthanide 2-hydroxynicotinic 
acid coordination polymer by 2D IR under thermal and magnetic 
perturbations. Sun et al. [185] reported the 2D IR study of polyox- 
ovanadium borate organic-inorganic hybrid, based on the 
structural changes under magnetic and thermal perturbations. 

The application of 2D IR spectroscopy in the study of organic- 
inorganic complex with combined thermal and magnetic perturba¬ 
tions has been fully established as a technique of choice indicated 
by a steady stream of publications. Chen et al. [186] used 2D IR for 
characterizing hydrothermally synthesized Keggin-type hetero- 
polytungustates with thermal and magnetic perturbations. Chen 
et al. [187] also reported the 2D IR study of temperature and 
magnetic intensity effects on hydrothermally synthesized nitro¬ 
gen-heterocyclic fl-octamolybdate supported metal-organic com¬ 
pounds. Ge et al. [188] reported the 2D IR study of newly 
synthesized cadmium thiolato-carboxylate coordination com¬ 
plexes. Temperature-induced structural changes, reflecting the 
effect on hydrogen bonding and 7t-7t stacking interaction between 
aromatic rings, were noted. Wu et al. [189] used 2D IR to study the 
temperature effect on weak interactions, like C—H- ■ O hydrogen 
ponding, 71-71 stacking, and C—H- ■ -n interaction, within manga¬ 
nese complex with 4,4'-bipyridine and methyl benzoate ligands. 
Zhao et al. [190] used 2D IR to probe the temperature- and magne¬ 
tism-induced structural changes of hydrothermally synthesized 
rare earth compounds with 3-methylbenzoic acid. 

3.1.4. Melting, crystallization and glass transition 

Melting and crystallization of various chemical compounds, 
including polymeric materials, is one of the very active areas of 
temperature-variation-based 2D correlation spectroscopy studies. 
Unger et al. [191-193] reported the 2D IR study of annealed and 
non-annealed poly(3-hydroxybutyrate) (PHB) and blend of PHB 
and polycaprolactone (PCL) with varying temperature. Recrystalli¬ 
zation and melting phenomena were observed, and two crystalline 
forms, i.e., well-ordered and less ordered, were detected. Further¬ 
more, two apparently different amorphous contributions were 
found, suggesting the possible existence of amorphous component 
with some structure. They also reported the 2D IR study of the 
detailed crystallization behavior of polymers under variable 
temperature. Unger et al. [194] further extended their tempera¬ 
ture-dependent 2D IR study beyond the analysis of polymers. They 
reported the temperature effect on oleic acid to elucidate the 
recrystallization of y-phase and melting. 

Many other researchers used 2D correlation spectroscopy to 
examine the melting and crystallization processes. Zhou et al. 


I. Noda/Joumal of Molecular Structure 1069 (2014)23-49 


[195] reported the 2D 1R study of the melting of poly(ethylene 
oxide) (PEO), and intermediate state, probably associated with 
the disordered helical conformation formed first at the front of 
lamellae, was detected. Popescu and Vasile [196] used 2D IR to 
study the temperature induced melting and partial miscibility of 
poly(tetrahydrofuran) and cholesteryl palmitate. Watanabe et al. 
[197] reported the 2D correlation analysis of light microscopy 
retardance mapping histograms, representing the spatial distribu¬ 
tion of higher order supramolecular structures, of various polyeth¬ 
ylene samples during heating. Hoshina et al. [197] used 2D THz 
absorption spectroscopy for the study of PHB and poly(3-hydroxy- 
butyrate-co-3-hydroxyhexanoate) (PHBHx) with varying tempera¬ 
ture to obtain assignments for peaks characteristics to the 
crystalline and amorphous components. Li et al. [199] reported 
the 2D correlation study of the temperature-dependent IR spectra 
for non-isothermal crystallization and melting of polyoxymethyl- 
ene, which has the hybrid complex structure of folded and 
extended chain crystals and also have low molecular weight cyclic 
polymers. 

Chen et al. [53] applied 2D correlation to temperature depen¬ 
dent IR spectra obtained during the cooling of melt to give detailed 
band assignments for spectra of poly(ethylene terephthalate) (PET) 
complicated by the effects of crystallinity and orientation. Chen 
et al. [200] used 2D IR to examine the crystallization steps of poly- 
oxymethylene and PEO blend during the cooling. Guo et al. [201] 
used 2D IR to probe the microstructure and phase transition of reg- 
ioregular poly(3-dodecylthiophene) by temperature dependence. 
Kim et al. [202] reported the 2D IRRAS study of the spin-coated 
thin film of a blend of PHBHx with varying temperature. Null-space 
projection was used to filter out dominant crystalline contribution 
of PHBHx. Shinzawa et al. [203] used 2D Raman with wide area 
illumination scheme to examine the heating of high-density poly¬ 
ethylene (HDPE) and octene-1 LLDPE. Hetero-sample correlation 
was used to compare and identify different behavior of polyethyl- 
enes. It was found that the premelting was not prominent in HDPE. 
Choi et al. [204] studied spin-coated thin films PHBHx with differ¬ 
ent 3HHx content under increasing temperature. Kim et al. [205] 
reported the 2D IRRAS study of thermal behavior of spin-coated 
thin films of blends of PHBHx and polyethylene glycol (PEG) with 
varying composition. 

In addition to the melting and crystallization studies of poly¬ 
mers, glass transition phenomena are also examined with 2D cor¬ 
relation methods. For example, Zimmermann and Vrsaljko [206] 
used the 2D ATR IR technique based on the moving-window and 
sample-sample correlation in the thermal analysis of polystyrene 
to identify glass transition. Wang et al. [207] applied the 2D corre¬ 
lation analysis to dynamic mechanical spectroscopy data, and res¬ 
olution of temperature-dependent loss tangent peak under 
different deformation frequency for the glass-to-rubber transition 
of polyisobutylene was reported. Three modes of molecular mo¬ 
tions, described by Rouse model, sub-Rouse model, and local seg¬ 
mental motions, were identified. 

3.J.5. Other phase transitions 

Various phase transition phenomena aside from simple melting 
and crystallization processes also provide very rich area of study 
for 2D correlation spectroscopy. Zimmermann and Baranovic 
[208] reported an interesting use of 2D low-resolution FT IR spec¬ 
troscopy based on the temperature-induced baseline variation for 
the detection of phase transition of polymorphic or mesomorphic 
compounds. Kurz et al. [209] used the sum-frequency 2D IR to 
study a thermo-responsive poly(N-isopropylacrylamide) (PNIPAM) 
thin film near the LCST. Lai and Wu [210] reported the 2D IR study 
of the LCST-type phase transition of aqueous solutions of PNIPAM 
and N-isopropylpropionamide with varying temperature. Similar 
mechanism consisting of three-step microscopic dehydration 


process was observed for both systems. Sun et al. [211] used 2D 
IR to study the thermally induced volume phase transition of PNI¬ 
PAM hydrogel with D 2 0 for both heating and cooling process. Sun 
and Wu [212] used 2D IR to study the temperature effect around 
LCST of concentrated solution of PNIPAM in water or water meth¬ 
anol mixture. Inhibition of hydration process before hydrogen 
bonding association was found. 

Szwed et al. [213] used the moving-window 2D analysis for 
temperature-dependent ATR IR spectra to probe the effect of incor¬ 
porating fluphenazine into a model bilayer membrane of 
dipalmitoylphosphatidylcholin. Wu et al. [214] reported the 2D 
IR study of the temperature induced phase transition between 
lamellar and micellar phase of amphiphilic lysophospholipid 1-ste- 
aroyllysophosphatidylcholin to probe the cooperativity of phase 
transition phenomenon. Nonsynchronous behaviors of lipid head 
groups, disordering rearrangement of acyl tails, and hydrating pro¬ 
cess in the inter-chain region were observed. Zhang et al. [215] re¬ 
ported the concatenated 2D IR correlation analysis applied to the 
temperature-induced hydration and dehydration of poly(N-isopro- 
pylmethacrylamide) aqueous solution during the heating and 
cooling indicates a degree of path-dependent irreversibility of 
coil-globule transitions. 

In the systematic error analysis of 2D spectra, Zhang et al. [216] 
used temperature effect on the mixture of ionic liquid and water as 
one of the illustrative examples. Zhou et al. [217] used 2D IR to 
study the temperature-dependent transitions of triblock copoly¬ 
mer, including order-order transition, order-disorder transition, 
and lattice disordering transition, driven by different parts of 
blocks. Chen et al. [218] used 2D IR to study the temperature-in¬ 
duced spectral changes of mesogen-jacketed liquid crystalline 
polymers with amide core and flexible tails of varying lengths. 
Luo et al. [219] reported the 2D IR study of the temperature depen¬ 
dence of polyamide around the Brill transition, and changes in 
hydrogen bonding interactions were detected. Sun et al. [220] used 
2D IR to study the thermally induced volume phase transition of 
hydrogel made of poly(N-isopropylacrylamide-co-acrylic acid) 
and D 2 0 during heating and cooling. Sun et al. [221] also used 
2D IR to probe the detailed micro dynamics mechanism of temper¬ 
ature-induced phase transition and hydrogen bonding of aqueous 
solution of poly(vinyl methyl ether) (PVME). 

Sun and Wu [222] reported the 2D IR study of the temperature 
dependent dynamic dehydration of poly(N-vinylcaprolqactam) 
near the LCST. Sloop et al. [223] used 2D Raman to analyze the 
temperature-induced phase transition and keto-enol and enol- 
enol tautomerization of fluorinated aryl [l-diketones. Wang et al. 

[224] used 2D IR to elucidate the molecular mechanism of ther¬ 
mally induced phase transition of hyperbranched poly(ethylenei- 
mine) with isobutyramide groups in D 2 0. Morita and Kitagawa 

[225] used the temperature effect of poly(2-methacryloyloxyetyl 
phophorylcholine) to illustrate the baseline drift effect on pertur¬ 
bation correlation moving-window 2D analysis. Popescu and Sim- 
ionescu [226] reported the 2D IR study of the phase transition of 
allyl-terminated carbosilane dendrimer, involving the reorganiza¬ 
tion of core structure and conformational rearrangement of termi¬ 
nal units, with varying temperature. 

Sun et al. [227] used 2D IR to examine the behavior of PNIPAM- 
based hydrophilic block copolymer with different arms in D 2 0 
during heating. Wang et al. [228] used 2D IR for the study of the 
thermal phase behavior and microdynamics of PNIPAM-f>-poly(l- 
butyl-3-vinylimidazolium bromide) aqueous solution, forming 
core-shell micellar structure. Wang and Wu [229] reported the 
2D IR study of the effect of ionic liquid on PNIPAM under temper¬ 
ature variation. Wu et al. [230] used the 2D concatenated 2D IR 
correlation analysis for the quantitative measure of reversibility 
for individual molecular moieties during the temperature-induced 
folding and unfolding of ribonuclease A and temperature and 
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pressure-induced globule to coil transition. Zhang et al. [231] also 
used the concatenated 2D IR correlation to probe reversibility of 
the coil-globule transition of aqueous solutions of PN1PAM and 
poly(N-isopropylmethacrylamide) with heating and cooling cycle 
undergoing thermally induced hydration and conformational 
changes. 

Jin and Wu [232] used 2D IR and 2D NIR for the study of tem¬ 
perature-induced coil-to-globule and sol-gel phase transitions of 
hydroxypropylcellulose aqueous solution. Sun et al. [233] used 
2D IR to study the LCST-type phase transition behavior of ther¬ 
mo-responsive dendritic polymer with hydrogen bonding in D 2 0 
during the heating and cooling process. Sun and Wu [234] reported 
the 2D IR study of the thermally reversible hydration of thermo- 
responsive copolymer in D 2 0. Sun et al. [235] used 2D IR to probe 
the thermo-sensitivity and self-assembly of PNIPAM block copoly¬ 
mer. Lai et al. [236] also used 2D IR to study the dehydration pro¬ 
cess around the LCST of poly(3-ethyl-JV-vinyl-2-pyrrolidone) in 
water during the heating and cooling cycle. Different species of 
carbonyl groups hydrogen bonded with D 2 0 were detected. 


3.1.6. Structural changes 

The effects of temperature in many other systems were also re¬ 
ported. For example, Marcelli et al. [237] used 2D X-ray adsorption 
near edge structure (XANES) and 2D IR to probe the subtle spectral 
changes of metal endohedral fullerenes induced by temperature. Li 
and Wu [238] used 2D IR to examine the temperature-induced 
helical to planar zigzag conformational change of syndiotactic 
polystyrene. Morita and Kitagawa [239] used 2D IR to study the 
temperature-induced three-step structural changes (i.e., dehydra¬ 
tion, protonation of side chain terminal sulfonate, and thermal 
degradation) of Nation ionomer. Murawska et al. [240] reported 
the 2D ATR IR study of the structural change during the heating 
of two-component liposome. Tang et al. [241 ] reported the 2D Ra¬ 
man study of the conformational change of thermotropic liquid 
crystalline polymer poly[di(alkyl) vinylterephthalate] upon heat¬ 
ing. Formation of mesophase by specific interaction among phenyl 
rings was observed. 

Zhou et al. [242] used the moving window 2D correlation anal¬ 
ysis for the variable temperature Raman study of melt intercalated 
PEO and clay hybrid nanocomposite. Distorted helical conforma¬ 
tion in clay galleries due to crown-ether like association between 
cation and PEO oxygen was suggested. Chys et al. [243] reported 
the 2D IR study of thermal responses of alkali-pretreated gelatin 
fractions to probe the sequences of conformational changes. Morita 
et al. [244] discussed the use of 2D IR to study the temperature 
dependence of polyvinyl alcohol. Rettler et al. [245] used 2D IR 
to study the temperature effect on interaction with water and 
melting of poly(2-N-alkyl-2-oxazoline)s with different side chain 
lengths. Sun et al. [246] used 2D IR to study the temperature effect 
on thermotropic liquid crystalline polymer poly[di(butyl)vinyl- 
terephthalate], and splitting of carbonyl band corresponding to dif¬ 
ferent conformations was noted. 

Wang et al. [247] analyzed the temperature-dependent IR spec¬ 
tra of thermotropic liquid crystalline polymer poly[di(butyl)vinyl 
terephthalate], Idrissi et al. [248] used 2D Raman to probe the tem¬ 
perature dependence of Fermi dyads of C0 2 with different local 
density. Vyalov et al. [249] applied 2D correlation analysis to 
molecular dynamics simulation, where reorientation and rotation 
relaxation of supercritical ammonia were calculated as a function 
of temperature or density. Shinzawa et al. [250] reported the tem¬ 
perature based 2D NMR study of nano-composite made of 
poly(lactic acid) (PLA) and montmorillonite nano clay. Kim et al. 
[251] used 2D Raman for lube base oil and adulterated olive oil 
with varying temperature. Chen et al. [252] filed a patent applica¬ 
tion based on the use of 2D correlation fluorescence spectra of edi¬ 


ble vegetable oils under varying temperature as an identification 
method. 

3.1.7. Temperature-induced chemical reactions 

A number of chemical reactions were studied by 2D correlation 
spectroscopy where the reaction was induced by or carried out 
under the influence of temperature. Yamasaki and Morita [253] 
reported the 2D ATR-IR and 2D NIR study of the temperature- 
dependence of a two-step curing reaction of epoxy resin. The effect 
of temperature on the H/D exchange reaction of p-lactoglobulin in 
D 2 0 was studied with 2D IR by Gomaa et al. [130], Vdovenko et al. 
[254] used 2D IR for probing the temperature effect on push-pull 
enantiomer equilibrium of enaminoketones with different sol¬ 
vents. Du et al. [255] reported the moving window 2D correlation 
analysis of the temperature dependent IR spectra of partially 
hydrolyzed poly(vinyl alcohol). Gredicak et al. [256] also used 
moving window 2D IR for examining the temperature-dependent 
Bergman cyclization reaction of enediyne. Cozzolino et al. [257] 
reported the use of 2D MS electric nose for the headspace analysis 
of wine with varying temperature for the selection of optimal sam¬ 
pling temperature for classification and fingerprinting. 

Thermally induced degradation reactions of various compounds 
and subsequent spectral analysis of the degradation products are 
important areas of studies in 2D correlation spectroscopy. Peng 
et al. [258] reported the 2D IR study of the thermal degradation 
behavior of nanocomposite material comprising CoAl-layered dou¬ 
ble hydroxide and PCL. Jung et al. [259] used 2D DRIFTS for the sur¬ 
face-induced thermal degradation mechanism of self-assembled 
thin film of ruthenium complex dye containing polypyridyl ligand 
anchored on Ti0 2 surface used for dye-sensitized solar cells. Har¬ 
vey et al. [260] reported the 2D IR study of plant derived bio chars 
under heat treatment with rising temperature under oxygen-lim¬ 
ited condition. Badia et al. [261,262] used 2D IR to study the 
evolved gas kinetics of reprocessed PLA by non-isothermal thermo- 
gravimetric analysis, via et al. [263] used ATR IR-NIR hetero-corre¬ 
lation for analyzing biomass changes of sweet gum, Loblolly pine 
and switch grass with torrefaction (roasting) process. Zimmer- 
mann and Baranovic [264] reported the use of moving window 
2D correlation analysis applied to the baseline variation of temper¬ 
ature-dependent IR for polymorphs of analgesic and antipyretic 
compound paracetamol for the detection of transition 
temperature. 

2D IR correlation spectra reflecting the compositional changes 
of samples resulting from thermal reactions induced under a 
well-controlled temperature scan are extensively used for discrim¬ 
inating and classifying complex natural product mixtures, like 
traditional Chinese herbal medicine and food. The so-called IR 
macro-fingerprinting analysis pioneered by Sun [265] combines 
the examination of FT IR spectra, the second derivative spectra, 
and thermally induced 2D IR spectra to holistically compare the 
similarities and differences among complex mixtures. A number 
of publications appeared on the use of IR macro-fingerprinting 
technique, which will be discussed later in the field of applications 
section. 

3.2. Composition and concentration 

The variation of system constituent concentrations is another 
important class of static perturbation method extensively used in 
the field of 2D correlation spectroscopy. The correlation analysis 
of spectral data reflecting the effect of varying concentrations of 
contributing components also share some common interest and 
approaches used in the multivariate chemometrics calibration 
studies. While chemometrics studies traditionally bring out utility 
and applications in quantitative classification and prediction based 
on calibration model derived from statistical analysis of datasets, 
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concentration-based 2D correlation analysis tends to focus on the 
mechanistic understanding of the system responses under the 
influence of concentration change by spectral interpretation. 

3.2A. Effect of pH 

A number of reports relate to the analysis of the effect of pH on 
spectra. For example, Lindegren et al. [266] used 2D 1R to probe the 
pH dependence on the adsorption of citrate and tricarballylate 
onto goethite suspended in water. Ashton and Blanch [267] re¬ 
ported the moving window 2D Raman analysis of the pH-depen- 
dent conformational transition of bovine a-lactalbumin. Li et al. 
[268] also used the moving window 2D analysis of enhanced 
Rayleigh scattering spectra for pH dependent complexation of 
poly(acrylic acid) and PEO. Olsson et al. [269] reported the 2D 
ATR IR study of the adsorption, desorption, and surface-promoted 
hydrolysis of glucose-1 -phospahte based on pH-dependent surface 
complexes formation on goethite. Ashton et al. [270] used 2D Ra¬ 
man and 2D Raman optical activities (ROA) for the study of the 
pH effect on protein phosphorylation. 

Balint et al. [271] reported the 2D SERS study to determine a 
proper marker band for pH dependence of Raman spectrum of 4- 
mercaptobenzoic acid used as local pH monitoring within cancer 
cells. Chruszcz-Lipska et al. [272] reported the 2D Raman study 
of pH-dependence of oxirane ring opening reaction of antibiotic 
fosfomycyn. Ma et al. [273] used 2D UV-resonance Raman for the 
study of pH dependent side chain electrostatic interactions of 
poly-L-lysine. Ji et al. [274] used 2D SERS to elucidate the mecha¬ 
nism of pH-dependent signal enhancement effect for p-aminoben- 
zenethiol on Ag nanoparticles. Litwinczuk et al. [275] reported the 
2D polarized ATR IR study of the pH dependence of orientation of 
solid-supported bilayer of phospholipid 1,2-dipalmitoyl-sn-glyce- 
ro-3-phophocholine (DPPC) by pv correlation analysis. Pienpinij- 
tham et al. [276] used 2D SERS to study nurotensin, a peptide 
known to stimulate tumor growth, placed in a silver colloid solu¬ 
tion under different pH. 

3.2.2. Solution mixtures 

Many different types of solution mixtures were studied by 2D 
correlation spectroscopy. Zhang et al. [68] used 2D N1R correlation 
to detect the chance correlation of interferant composition and 
analyte glucose concentration. Czarnecki et al. [163] studied the 
hydrogen bonding interaction in cyclohexanol and water solution 
mixtures under different concentration with 2D NIR. The concen¬ 
tration dependent complexation chemistry of 2-pyridone, which 
can also isomerize to 2-hydroxypyridine, in CD 2 C1 2 was reported 
by Szyc et al. [168], Radice et al. [170] used 2D IR to probe the con¬ 
centration effect on hydrogen bonding in fluorinated amide. 2D IR 
study detected the presence of cyclic dimer, solute-solvent com¬ 
plex, and chain-like dimer. Geng and Xiang [277] reported the 
2D NIR study of sinomenine hydrochloride in methanol with vary¬ 
ing concentration to demonstrate the utility of net analyte signal 
(NAS)-based 2D correlation approach. 

Tong et al. [278] used 2D ATR IR to study the concentration 
dependence of 1-propanol and water mixture, and progressive 
destruction of hydrogen bonding network was noted. Biliskov 
et al. [279] reported the 2D IR study of the protonated Schiff base 
of n-butylretinal titrated with trifluoroacetic acid with varying mo¬ 
lar ratio. Koeppe et al. [280] reported the 2D UV-visible and NMR 
hetero-spectral correlation of hydrogen-bonded complexes of 2- 
chloro-4-nitrophenol with acetate ion with varying concentration 
to locate the bridging proton in hydrogen bonding. Optical mea¬ 
surement was made directly inside the magnet of NMR spectrom¬ 
eter. Unger et al. [281] used 2D ATR IR for the study of solution 
mixtures of N,N-dimethyl formamide in methanol and N,N- di¬ 
methyl acetamide in methanol with varying concentration. 


Ryu et al. [172] used 2D correlation to analyze the concentra¬ 
tion dependent IR spectra of acetone in CHC1 3 and CC1 4 mixtures. 
Chen et al. [282] reported the 2D UV-visible and 2D IR work for 
the double asynchronous orthogonal sample design scheme based 
on concentration series to eliminate interfering peaks and identify 
specific molecular interactions in the iodine in benzene and CC1 4 
mixtures. Diaz-Visurraga et al. [283] used 2D IR to study the inter¬ 
action of antibacterial copper nanoparticles with sodium alginate 
at different content levels as a stabilizer. Gu et al. [284] used 2D 
NIR to study an organophosphorous insecticide phoxin in water 
at different concentration. Li et al. [285] studied acetone-butanone 
interactions in CC1 4 with varying concentration by using the asyn¬ 
chronous orthogonal sample design 2D IR. Szostak [286,287] 
reported the 2D Raman study of concentration dependence of tri- 
bromoacetamide solution in CC1 4 /C 6 D 12 and self-aggregation of tri- 
chloroacetaldehyde in carbontetrachloride and deutrated 
cyclohexane. Wu et al. [288] used 2D fluorescence to study the 
concentration dependence of aggregation of type I collagen in 
acidic solution. Zhou et al. [289] used 2D NIR to select informative 
spectral interval for varying concentration of analyte in Ginko bilo- 
ba extracts. 

3.2.3. Ionic liquids, ionic species, dissolved gasses, etc. 

Applications of ionic liquids have attracted interest in recent 
years. Several publications appeared for the 2D correlation analysis 
of ionic liquid systems with varying concentrations of mixtures. 
For example, Zhang et al. [216] used ionic liquid and water 
mixtures with varying concentrations to illustrate the error analy¬ 
sis associated with 2D correlation spectroscopy. Wu et al. [290] 
used 2D NIR to study the effect of ethanol addition with different 
concentration to an aqueous solution of ionic liquid. It was found 
ethanol seems to weaken the dissociation of ionic liquid in water 
and thus promote the formation of larger clusters. 

Park et al. [291] used 2D IR to examine the concentration- 
dependent hydrogen bonding interactions of zwitterion-type ionic 
liquids in water. Wang et al. [292] used 2D ATR IR to study the con¬ 
centration dependence of ionic liquid, 1 -butylpyridinium tetrafluo- 
roborate. Zhang et al. [293] also used 2D ATR IR to study the ionic 
liquid and water interaction with varying concentration affecting 
the hydrogen bonding. Aleska et al. [294] reported the 2D Raman 
study of ionic liquid aqueous solutions of l-decyl-3-methyl-imi- 
dazolium bromide with increasing water content to detect differ¬ 
ent states of water. He et al. [295] used 2D ATR-IR to study the 
methanol and ionic liquid molecular interaction with varying 
concentration of l-ethyl-3-methylimidazolium lactate. 

Concentrations of ionic species in many systems were studied. 
Park et al. [296] used 2D Raman to study the electrochemical reac¬ 
tion at the electrode-electrolyte interface of LiCo0 2 /Li cell under 
high voltage. Raman spectra obtained under varying delithiation 
content could be analyzed. Aldon et al. [297] reported the 2D 
in situ and operando Mossbauer spectroscopy study of the electro¬ 
chemical reaction of Li extraction from positive electrode by using 
Li concentration as perturbation, and isomer shift and quadrapole 
splitting were detected. Park et al. [298] used 2D X-ray photoelec¬ 
tron spectroscopy and 2D X-ray absorption spectroscopy to probe 
the electrochemical surface reaction of LiCo0 2 /Li cell under high 
voltage. Yen et al. [299] reported the 2D IR study of poly(amide 
urethane) solid state electrolyte with LiC10 4 addition as the 
environmental perturbation. Lithium cations interact with both 
ethylene oxide segments and urethane groups without affecting 
the self-complementary interaction in the polymer electrolyte. 

Jiang et al. [300] used 2D UV to examine the molar ratio depen¬ 
dence leading to different forms of Al(III) complex with curcumin 
from turmeric for prevention of Alzheimer’s disease. Park et al. 
[301] reported the 2D IR study of the concentration-dependent 
transition behavior and dynamics of ionic transport in crystalline 
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ionic gel electrolytes. Hur and Lee [302,303] used 2D fluorescence 
quenching to probe the heterogeneous distribution of copper¬ 
binding characteristics of ultrafiltered size fractions of soil humic 
acid with varying copper concentration and of leaf litter humic 
substance and Suwannee River fulric acid under different UV irra¬ 
diation time. Abdulla et al. [304] used 2D 1R, 2D 13 C NMR correla¬ 
tion, and IR-NMR hetero-correlation to analyze the dissolved 
organic matter along an estuarine transect with varying salinity 
to identify nature of components. Abdulla et al. [305] also used 
2D MS and MS-NMR hetero-correlation based on the FT ion cyclo¬ 
tron resonance MS to study the ultrafiltered dissolved organic mat¬ 
ter from the lower Chesapeake Bay with salinity of water as a 
perturbation. 

Wang et al. [306] examined the concentration dependent 1R 
spectra by 2D correlation to determination of the optimal wave- 
number range for the detection of gases, such as S0 2 , NO, and 
N0 2 . Morita et al. [307], as well as Shinzawa and Ritthiruangdej 

[308] , discussed the application of 2D N1R to examine the concen¬ 
tration-dependent spectral changes induced by the evaporation of 
ethanol from a solution mixture with oleic acid. Chandra et al. 

[309] reported the 2D SERS study of the concentration dependence 
of 3-thiophene carboxylic acid adsorption onto silver nano colloids. 
2D ATRIR was used by Simanova et al. [310] to study the reaction 
of different levels of oxalate or Fe(C 2 0 4 )3~ adsorbed at water- 
geothite interface. 

3.2.4. Designed concentration series 

Particular patterns of carefully designed concentration varia¬ 
tions are sometimes used to enhance the information content of 
the 2D IR spectra. For example, Li et al. [285] described the asyn¬ 
chronous orthogonal sample design coupled with modified refer¬ 
ence spectrum derived from average of virtual mixture without 
intermolecular interactions to improve the signal-to-noise ratio 
and detection of weak signals observed in the acetone-butanone 
interactions in CC1 4 with varying concentration. Zhang et al. 
[311] reported the IR and UV-visible hetero-spectral correlation 
of benzene/I 2 /CCl 4 under the double orthogonal sample design 
condition. Concentrations of two components were set such that 
one series was orthogonal not only to the other concentration ser¬ 
ies but also the quadrature to the series. Li et al. [312,313] reported 
the 2D IR study of butanone and dimethyl formamide in CC1 4 and 
based on the asynchronous orthogonal sample design. Specific con¬ 
centration series were used to eliminate peaks due to effect line¬ 
arly proportional to concentration and to detect deviations from 
Beer-Lambert law due to specific molecular interactions. 

3.2.5. Blends and composites 

Several polymer blends and composites were studied by 2D cor¬ 
relation spectroscopy. Nanocomposite made of PLA and different 
levels of montmorillonite nano clay was studied by Shinzawa 
et al. [250] by using 2D NMR. Huang et al. [314] used 2D IR to 
probe the specific molecular interaction of polymer nanocompos¬ 
ites made by blending different levels of polyhedral oligomeric sils- 
esquioxane derivatives and PEO. Apparent peak frequency shift of 
OH stretching band is due to the competition between contribu¬ 
tions reflecting the OH—OH and OH—ether interactions, and 
dipole-dipole and hydrogen bonding interactions of C=0 groups 
were also detected. 

Jelcic and Vranjes [315] reported the 2D NIR study of the blend 
of polystyrene and polyethylene with various concentration of a 
block copolymer compatibilizer, which affects specific interaction 
and conformational feature of polymer components. 2D IR was 
used by Kuo and Liu [316] for studying hydrogen bonding interac¬ 
tions of blends of PHB and poly(vinyl phenol) or copolymer melt 
with different compositions. Nurkhamidha et al. [317] used 2D IR 
to study the composition dependence of the melt blend of 


poly(ethylene succinate) and tannin, and strong hydrogen bonding 
interaction leading to the miscibility was observed. Wu et al. [318] 
reported the 2D dynamic mechanical spectroscopy study of poly¬ 
styrene with different molecular weights to analyze the sub-Rouse 
mode. Both temperature-temperature and frequency-frequency 
2D correlation maps were constructed. 

3.2.6. Other concentration studies 

2D correlation spectroscopy was applied to the analysis of many 
other systems involving the compositional variations. For example, 
De Almeida et al. [319] applied 2D ATR IR to study zein-based bio¬ 
films with different concentration of xanthan gum additive, which 
affects C=0 and N—H groups of zein structure. Pereira and Pasqu- 
ini [320] used 2D IR for the concentration perturbation study of 
gasoline by using a flow cell. Radice et al. [321 ] reported the 2D 
Raman study combined with density functional theory (DFT) calcu¬ 
lations to study the polymer chain microstructure of perfluoro- 
polyethers containing different concentration of peroxide groups. 
Brewster et al. [322] reported the moving window 2D Raman study 
of glycosilation status of protein by varying the concentration of 
native ribonuclease A and ribonuclease B glycoprotein. Fernandes 
et al. [323] used 2D IR to study diurea crosslinked bridged sils- 
equioxanes derived from organosilane precursor with variable 
molecular composition of central spacer length. 

Ferrari et al. [324] reported the N1R-NMR hetero-spectral corre¬ 
lation study of red wine samples which are color-enhanced with 
anthocyanins from grapevine or black rice. Park et al. [325] used 
2D IR to study the thermal transition and physical gelation of bin¬ 
ary gel consisting of zwitterionic compounds and lithium bis(trif- 
luorosulfonyl)imide. Podstawska-Proniewicz et al. [326] reported 
the 2D SERS study of G-protein-linked nuropeptide neurotensin 
with various modifications, which were immobilized onto an elec- 
trochemically roughened silver electrode, with varying composi¬ 
tions of l- and D-conformations of amino acids. Popescu and 
Vasile [327] reported the 2D IR study of the blend of polyethylene 
adipate and liquid crystalline cholesteryl palmitate additive with 
varying compositions to probe specific interactions and conforma¬ 
tional changes. Rudd et al. [328] reported the 2D NMR study of 
heparin with compositional changes caused by contaminants or 
natural structural variability. 

Song and Boily [329] used 2D ATR IR for the study of the con¬ 
centration dependence of the surface hydroxyl groups of akagane- 
ite (p-FeOOH) particles. Tan et al. [330] reported the 2D IR study of 
conformational changes and specific interactions of blends of colla¬ 
gen and hyaluronic acid with varying compositions. Yu et al. [331 ] 
used 2D IR for the characterization of edible oil blends with varying 
compositions to give different saponification number. Tian et al. 
[332] used 2D IR to study the composition dependence of blends 
of collagen and chondroitin sulfate, and conformational changes 
and specific interactions were detected. Wu et al. [333] used 2D 
IR to probe the interaction of polyacrylonitrile with various sol¬ 
vents at different concentrations, and dipole-dipole interactions 
between C=N groups and C=0 or S=0 were noted. Xu et al. 
[334] reported the 2D visible/NIR study of mixtures of goose down 
and duck down with different compositions. 

Yu et al. [335] used 2D IR to assess the binding of organic 
ligands with Al(III) in soil dissolved organic matter with different 
Al(III) concentration. Zhang et al. [336] obtained 2D ATR-IR spectra 
based on blood glucose concentration. Brewster et al. [337] used 
Raman and fluorescence moving-window 2D analysis for chemi¬ 
cally induced protein unfolding of ribonuclease A and B with differ¬ 
ent guanidine hydrochloride denaturant levels. Fudge et al. [338] 
used 2D IR for the identification of smoke-affected wine by using 
the concentration of a smoke taint marker guaiacol as perturba¬ 
tion. Shao et al. [339] used 2D ATR IR to probe the conformational 
changes of glucose oxidase upon adsorption onto graphine oxide 
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with different protein concentration. Shinzawa et al. [340] 
reported the 2D NIR study of the state of cellulose affecting the 
packing and crystallinity under the compositional changes by 
water absorption. 

3.3. Electro-magnetic effects 

3.3.1. Electrode potential 

A number of articles appeared on the use of electrical field as a 
source of perturbation for 2D correlation spectroscopy. Boily [341 ] 
reported the 2D IR study of oxyanions adsorbed on solid surfaces 
under varying electric field. Theoretical prediction of 2D spectra 
was provided based on DFT calculation of frequency shift and band 
broadening for different correlation peak cluster patterns reflecting 
the distinct electric field induced coordination. Podstawka and Nia- 
ura [342] reported the 2D SERS study of neurotransimitter bombe¬ 
sin which was chemisorpted on electrochemically roughened 
electrode surfaces with varying electrode potential at the physio¬ 
logical pH. Fen et al. [343] filed a patent application based on 2D 
NIR spectra to predict viscosity index of engine oil under electrical 
perturbation with voltage and frequency changes. Park et al. [344] 
reported the 2D X-ray photoelectron spectroscopy (XPS) study of 
the electrochemistry of at the solid electrolyte interface of a cath¬ 
ode electrode for lithium ion battery under different changing 
voltage. 

Podstawka et al. [345] studied 2D SERS of phenylalanine-substi¬ 
tuted bombesin fragment peptides adsorbed on various electrode 
surfaces under different electrode potential to robe the adsorption 
mechanism and specific interaction. Laredo et al. [346] reported 
the 2D photon polarizarion modulation IRRAS (infrared reflection 
absorption spectroscopy) study of gold-supported biomimetic 
membrane phospholipid bilayer containing ion channel peptide 
with electrode potential. Naumann et al. [347] used 2D SEIRAS 
for the study of electrochemistry of protein tethered bilayer lipid 
membrane as function of potential. Nowak et al. [348] used 2D 
SEIRAS to study the membrane redox protein cytochrome c oxidase 
with varying electrical potential. Ambrosio and Gewirth [349] used 
2D SERS to probe the electrochemical reactions of alkaline aqueous 
solution at Ag electrode by cyclic voltammetry, and sequential or¬ 
der of liberated and binding bands of water was determined. 

Colina et al. [350] used 2D low-resolution Raman to study the 
electrochemical oxidation of transparent single-walled carbon 
nanotubes during anodic voltametric scan. Whitman et al. [351] 
introduced a 2D cyclic voltammetry application to the electro¬ 
chemistry with current measured as a function of potential with 
a number of potential cycle scans. Butcher et al. [352] used 2D 
shell-isolated nanoparticles-enhanced Raman to study the electri¬ 
cal potential dependent assembly of 2,2'-bipyridine on Au(100) 
and Au(l 11). Park et al. [353] used 2D X-ray absorption spectros¬ 
copy (XAS), 2D Raman, and XAS-Raman hetero-spectral correlation 
to study the electrochemical reaction of the overcharged cathode 
surface of lithium battery with varying voltage. Leitch et al. [354] 
used 2D polarization modulation IRRAS to study the voltage 
dependent change of phospholipid-cholesterol bilayer with chol¬ 
era toxin B on Au(III) electrode surface. Su et al. [355] also used 
2D polarization modulation IRRAS to study the electrochemistry 
of lipid bilayer assembled at Au(III) electrode surface for higher 
resolution. 

3.3.2. Magnetic field 

Magnetic field is extensively used as a convenient means to per¬ 
turb tt bonds encountered in various hydrothermally synthesized 
metal organic hybrid materials. Such studies often use thermal 
perturbation in parallel to probe the hydrogen bonding interac¬ 
tions of the system as well [176-187,190], For example, magnetic 
perturbation of hydrothermally synthesized compound from 


bismuth and a flexible ligand N,N'-diacetic acid imidazolium chlo¬ 
ride was studied with 2D IR by Chai et al. [176], 2D IR and 2D UV 
study of rare earth 3-bi-pyridine polymer under magnetic pertur¬ 
bation was reported by Chen et al. [177], 2D IR study of divalent 
transition metal carboxyarylphosphonate samples with different 
structures were investigated under magnetic perturbation by Lei 
et al. [178], Crystals of carboxylate metal coordination compounds 
with 3-methylbenzoic acid were analyzed by Chen et al. [179] with 
2D IR based on magnetic perturbation. 2D IR study of polyoxovana- 
dium borate under magnetic perturbations was reported by Li et al. 
[180,181], 

Magnetically induced changes of hydrothermally synthesized 
polyoxometalates with different carboxylic ligands and photocata- 
lytic activities analyzed with 2D IR were reported by Chen et al. 
[182], Magnetic sensitivity of n bond of organically template alu- 
minoborte with quasi-aromaticity was studied with 2D IR by Hu 
et al. [183], 2D IR study of lanthanide 2-hydroxynicotinic acid coor¬ 
dination polymer under magnetic perturbation was reported by 
Mei et al. [184], Structural change of polyoxovanadium borate 
organic-inorganic hybrid probed by 2D IR study under magnetic 
perturbation was reported by Sun et al. [185], Magnetic perturba¬ 
tion 2D IR study of hydrothermally synthesized Keggin-type het- 
eropolytungustates was reported by Chai et al. [186], 2D IR 
analysis of magnetic intensity effects on nitrogen-heterocyclic [1- 
octamolybdate supported metal-organic compounds was studied 
by Chen et al. [187], 2D IR study based on the magnetism-induced 
structural changes of rare earth compounds with 3-methylbenzoic 
acid was reported by Zhao et al. [190], 

3.4. Mechanical perturbations 

3.4.1. Deformation of samples 

Mechanical perturbations, such as tensile deformation applied 
to a film, are used is the 2D correlation spectroscopy analysis of 
polymeric materials. In fact, the field of 2D IR correlation spectros¬ 
copy originally started with the analysis of IR responses of plastic 
films subjected to a small-amplitude repetitive deformation 
[1,8,9], A number of articles related to the 2D correlation spectros¬ 
copy based on mechanical deformation effects appeared during 
this review period. Kawabe et al. [23] discussed the 2D correlation 
spectroscopy applied to the IR study of stretched adhesive tape. 
Unger and Siesler [356] used 2D IR for the dichroism study of 
PHB and PCL blend under uniaxial elongation to determine the 
directions and sequence of orientation processes of crystalline 
and amorphous components of PCL and PHB. 

Burba et al. [357] reported the 2D IR study of the chain orienta¬ 
tion of stretched polyelectrolyte film comprising salt of PEO with 
LiCF 3 S03. Liu et al. [358] used 2D Raman spectroscopy to study 
the single walled carbon nanotube films under strain. Wang et al. 

[359] used 2D dielectric relaxation for probing the molecular 
dynamics of polyisobutylene around the glass transition tempera¬ 
ture, and unambiguous identification of local segmental motion, 
sub-Rouse modes, and Rouse modes was possible. Rao et al. 

[360] reported the 2D SERS study applied to single-molecule force 
spectroscopy by using a dual optical trapping of DNA near Ag nano¬ 
particles to induce extension at the molecular level. 

3.4.2. Pressure and uniaxial compression 

The application of pressure to a sample system is a popular 
mechanical perturbation method to obtain 2D correlation spectra. 
Wu et al. [230] used concatenated 2D IR correlation analysis to 
assess the reversibility for individual molecular moieties during 
the pressure-induced globule to coil transition of ribonuclease A. 
Zhang et al. [361 ] used 2D IR to study the pressure-induced confor¬ 
mational change of poly-L-lysine with different initial conforma¬ 
tions. Zhang and Wu [362] carried out the 2D IR analysis of a 
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number of proteins, including lysozyme, human serum albumin, 
ubiquitin, and ribonuclease A, with structural and hydration 
changes under pressure change. Piccirilli et al. [363] used 2D 1R 
to probe the pressure effect on the aggregation of bovine pancre¬ 
atic insulin amyloid. 

Shinzawa et al. [364] used 2D X-ray diffraction and hetero-cor¬ 
relation between X-ray diffraction and dissolution profile of either 
active ingredient or water absorption profile. Pharmaceutical 
tablets containing cellulosic excipient and pentoxifylline under dif¬ 
ferent compressive deformation, affecting both crystallinity and 
compaction, were studied. Shinzawa et al. [157] also used 2D 
ATR IR for examining the self-assembly of oleic acid under multi¬ 
ple-perturbation consisting of both pressure and temperature gen¬ 
erating three-way dataset. Shinzawa et al. [340,365] used 2D N1R 
to study the pressure-induced variation affecting the packing and 
crystallinity of cellulose tablets. Zhang et al. [366] reported the 
2D fluorescence correlation spectroscopy study of the pressure-in¬ 
duced fluorescence enhancement of bovine serum albumin-pro¬ 
tected gold nano clusters. 

3.5. Spatial distributions 

Spectral variations of samples obtained at different spatial loca¬ 
tions are also analyzed by 2D correlation spectroscopy. Abdulla 
et al. [304] conducted such spatial distribution based studies with 
2D IR, 2D 13 C NMR, and IR-NMR hetero-correlation analyses. Dis¬ 
solved organic matters sampled along locations of an estuarine 
transect was used as the perturbation variable to identify the nat¬ 
ure of such components. Richardson and Wang [367] used the 
moving-window 2D correlation analysis for the Raman image of 
a single-wall carbon nanotube along the position of the specimen 
to enhance spectral resolution. Kwok and Taylor [368] reported 
the application of 2D correlation in the analysis of microscopic Ra¬ 
man images of pharmaceutical counterfeit packaging based on im¬ 
age coordinate scanning. Li et al. [369] used 2D IR to examine the 
diagenesis of organic matter in Lake Superior sediment sampled at 
different depth of core as the perturbation variable. 


4. Fields of applications 

2D correlation spectroscopy has been applied to a number of 
diverse categories of samples encountered in different fields of 
applications and research activities. Types of materials and sys¬ 
tems studied by this technique include polymers, nano materials 
and composites, pharmaceuticals, medical and physiological appli¬ 
cations, proteins and peptides. Other biomolecules, like lipids, sac¬ 
charides, and DNA, are also studied. A number of practical samples 
found in food science, bio-sourced or natural materials, and envi¬ 
ronmental science, are also often studied by 2D correlation spec¬ 
troscopy. Research activities are reported in classical physical 
chemistry field, such as the in-depth studies of pure liquids and 
solution mixtures, colloids and surfaces, and organic-inorganic 
hybrid materials. 2D correlation spectroscopy is also used in the 
analysis of chemical reactions, electrochemistry, industrial chemi¬ 
cals and materials, and many more applications. Fig. 3 shows the 
distribution of the different fields of applications among 421 
published articles. 

4.1. Polymers 

Study of polymers and oligomers in various forms and states 
remains a very active area of research for 2D correlation spectros¬ 
copy, representing about 26% of the application-oriented articles 
reviewed here. 2D correlation spectroscopy analysis of polymeric 
samples utilized many different types of perturbation methods, 


such as temperature, composition, and chemical reactions. Aside 
from plastic films and fibers, many other forms of polymer samples 
were studied, including melts, solutions and dispersion, cross 
linked resins and elastomers, as well as blends and composites. 

4.1.1. Bio-based and biodegradable polymers 

In the recent years, the interest in bio-based or biodegradable 
polymers has dramatically increased. The growing number of 
publications on the use of 2D correlation spectroscopy for the 
analysis of such biodegradable materials also reflects this trend. 
Poly(3-hydoroxyalkanoate) or PHA belong to the class of polyesters 
produced by microorganisms capable of converting natural carbon 
sources, like lipids and saccharides, to polymers accumulated in 
their body as energy storage materials [370], PHA bioplastics har¬ 
vested from such microorganisms are viewed as a new promising 
class of materials sourced from nonpetroleum-based raw materi¬ 
als. Poly(3-hydoroxybutyrate) or PHB homopolymer is the simplest 
and most ubiquitous form of PHA, while copolymers, like poly(3- 
hydoroxybutyrate-co-3hydroxyhexanoate) (PHBHx), possess dif¬ 
ferent material properties [371], 

Linger et al. [191,192] used 2D IR to study the temperature 
dependence of annealed and non-annealed PHB, as well as the 
blend of PHB and polycaprolactone (PCL). The detection of recrys¬ 
tallization and melting processes has a significant practical impli¬ 
cation for the industrial processing of this class of materials. 
Unger and Siesler [356] reported the 2D IR dichroism study of 
PHB and PCL blend under uniaxial elongation. Unger et al. [193] 
also studied the crystallization behavior of PHB, PCL, and blends 
of PHB and PCL under variable temperature with 2D IR. Hoshina 
[55] discussed the use of 2D THz spectroscopy to investigate 
PHB. Hoshina et al. [56,57] reported the 2D THz study of the 
time-dependent spectral evolution of PHB during the isothermal 
crystallization. Hoshina et al. [198] also used 2D THz absorption 
spectroscopy for the study of PHB and PHBHx with varying tem¬ 
perature to obtain assignments for crystalline and amorphous 
peaks. 

Guo et al. [54] reported the 2D WAXD and 2D SAXS study of the 
time-dependent behavior of PHB during the isothermal crystalliza¬ 
tion. Nishikawa et al. [15] used dynamic compression for 2D ATR 
study of PET and PHBHx films. Choi et al. [204] reported the 2D 
IR and 2D XPS study of the spin-coated thin films PHBHx with 
different comonomer content under increasing temperature. Kim 
et al. [202,205] reported the 2D IRRAS study of the thermal behav¬ 
ior of spin-coated thin films of PHBHx and PEG blends. Kuo et al. 
[316] used 2D IR for the analysis of hydrogen bonding interactions 
of blends of PHB and poly( vinyl phenol). Poly(lactic acid) or PLA is 
another class of bioplastics synthesized from bio-based raw mate¬ 
rial. Ando et al. [52] used 2D correlation spectroscopy to study the 

Colloids and 
surfaces 7% 

Nanocomposites 
and hybrids 9% 

Nv 

Liquids and 
solutions 9% 


Food and 
environmental 

Biomedical ■—— * 

pharmaceutical 14% 

Fig. 3. Sample systems studied by 2D correlation spectroscopy. 
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time-dependent IR spectral evolution during the isothermal melt 
crystallization of PLA nanocomposite with organically modified 
layered silicate. Badia et al. [261,262] used 2D IR to study the 
evolved gas kinetics of reprocessed PLA by non-isothermal thermo- 
gravimetric analysis. 

4.1.2. Thermo-responsive polymers 

Intriguing aqueous solution behavior of thermo-responsive 
polymers, such as poly(N-isopropylacrylamide) or PNIPAM, has at¬ 
tracted interest of many researchers, and the number of published 
articles related to the 2D correlation spectroscopy study of this 
class of materials is increasing. Park et al. [67] used 2D ATR IR to 
study the gelation process of PNIPAM hydrogel above and below 
LCST. Wang and Wu [160] used 2D IR to study the temperature in¬ 
duced gelation microdynamics of PNIPAM in an ionic liquid. Kurz, 
et al. [209] reported the 2D IR sum-frequency spectroscopy study 
of a thermo-responsive PNIPAM thin film near the LCST. Lai and 
Wu [210] used 2D IR to study the LCST-type phase transition of 
aqueous solutions PNIPAM and N-isopropylpropionamide. Sun 
et al. [211] reported the 2D IR study of the thermally induced vol¬ 
ume phase transition of PNIPAM hydrogel with D 2 0 for both heat¬ 
ing and cooling process. Sun and Wu [212] studied the 
temperature effect around the LCST of concentrated solutions of 
PNIPAM in water or water methanol mixture by using 2D IR. 

Sun et al. [227] used 2D IR to study the PNIPAM-based multihy- 
drophilic block copolymer in D 2 0 during heating. Wang et al. [228] 
used 2D IR to analyze the thermal phase behavior and micrody¬ 
namics of PNIPAM-b-poly(l-butyl-3-vinylimidazolium bromide) 
aqueous solution, forming core-shell micelle structure. Wang 
and Wu [229] used 2D IR to examine the effect of ionic liquid on 
the temperature dependence of PNIPAM. Zhang et al. [215,231] 
used concatenated 2D IR to study the temperature-induced hydra¬ 
tion and dehydration of PNIPAM and poly(N-isopropylmethacryla- 
mide) aqueous solution during the heating and cooling to assess 
the degree of path-dependent irreversibility of coil-globule transi¬ 
tions. Sun et al. [233] also studied the LCST-type phase transition 
behavior of thermo-responsive dendritic polymer with hydrogen 
bonding in D 2 0 during the heating and cooling process by 2D IR. 
Sun and Wu [234] used 2D IR to study the thermally reversible 
hydration of thermoresponsive copolymer in D 2 0. Sun et al. 
[235] used 2D IR to study the thermo-sensitivity and self-assembly 
of a PNIPAM block copolymer. 

4.1.3. Water-soluble polymers 

Other water-soluble polymers were also subject matter of ac¬ 
tive 2D correlation spectroscopy studies. For example, Lai and 
Wu [28] studied the water sorption and desorption process of a 
pharmaceutical amphiphilic copolymer poly(3-(2-methoxyethyl)- 
N-vinyl-2-pyrrolidone) by 2D IR. Liu et al. [50] reported the 2 D 
IR study of the time-dependent IR of isothermal crystallization of 
ice in PVME solution. Sun et al. [220] used 2D IR to study the ther¬ 
mally induced volume phase transition of hydrogel during heating 
and cooling. Sun et al. [221 ] used 2D IR to probe the detailed micro 
dynamics mechanism of temperature-induced phase transition 
and hydrogen bonding of aqueous solution of poly(vinyl methyl 
ether). Li et al. [268] reported the 2D correlation analysis of en¬ 
hanced Rayleigh scattering spectra for pH dependent complexation 
of poly(acrylic acid) and poly(ethylene oxide). Sun and Wu [222] 
reported the 2D IR study of the temperature dependent dynamic 
dehydration of poly(N-vinylcaprolactam) near the LCST. Wang 
et al. [224] studied the molecular mechanism of thermally induced 
phase transition of hyperbranched poly(ethyleneimine) with iso- 
butyramide groups in D 2 0 by 2D IR. Lai et al. [236] used 2D IR to 
study the dehydration process of the LCST of poly(3-ethyl-N-vi- 
nyl-2-pyrrolidone) in water during the heating and cooling cycle. 


4.1.4. Liquid crystalline polymers 

Liquid crystalline polymers were also studied by many 
researchers. Sun et al. [246,372] reported the 2D IR study of the 
temperature induced self-assembly process of thermotropic liquid 
crystalline polymer without conventional mesogens. Tang et al. 
[241 ] reported the 2D Raman study of the conformational change 
of thermotropic liquid crystalline polymer poly[di(alkyl) vinyl- 
terephthalate] upon heating. Wang et al. [247] applied 2D correla¬ 
tion to temperature-dependent IR spectra of thermotropic liquid 
crystalline polymer poly[di(butylvinyl terephthalate). 

Cheng et al. [218] reported the 2D IR study of the temperature- 
induced spectral change of mesogen-jacketed liquid crystalline 
polymers with amide core and flexible tails of varying lengths. Sev¬ 
eral ion-containing polymeric systems have also been studied. 
Morita and Kitagawa [239] studied Nafion ionomer by 2D IR and 
detected the temperature-induced three-step structural changes 
(i.e., dehydration, protonation of side chain terminal sulfonate, 
and thermal degradation). Shi et al. [156] reported the sequential 
responses of components to thermal perturbation of polystyrene 
and ionic liquid composite membrane by 2D IR. Yen et al. [299] re¬ 
ported the 2D IR study of poly(amide urethane) solid state electro¬ 
lyte with LiC10 4 addition as perturbation. Burba et al. [357] 
reported the rheo-optical 2D IR study of the chain orientation of 
stretched polyelectrolyte film comprising salt of PEO with 
LiCF 3 S0 3 . 

4.1.5. Thermosetting polymers 

Thermosetting polymers, like epoxy resins, were also studied, 
especially during the curing process. Spegazzini et al. [72,73] stud¬ 
ied the cross linking reaction of epoxy resin based on diglycidyl 
ether of bisphenol A with rare earth triflate initiators with 2D IR. 
Yu et al. [74] reported the 2D IR study of the parallel reactions of 
cationic polymerization and esterification during the curing of 
epoxy resin with a polyoxometalate catalyst. Yamasaki and Morita 
[253] studied the temperature-dependence of a two-step curing 
reaction of epoxy resin by 2D IR and 2D NIR. Tang et al. [63 ] applied 
2D correlation analysis to the time-resolved light scattering data 
from the phase separation process of epoxy-amine-polyethersul- 
phone blend. Zhong et al. [125] studied the photochromic behavior 
of polyoxometalate in cured epoxy resin after UV irradiation by 2D 
IR to determine the sequence of electron movements. Wang et al. 
[126] investigated the photo-induced orientation of epoxy-based 
polymers with azo chromophores under different duration of irra¬ 
diation time with 2D IR. Morita et al. [244] discussed the curing 
reaction kinetics of epoxy resin studied by using 2D IR. 

4.1.6. Block copolymers and blends 

2D correlation spectroscopy was used for the analysis of block 
copolymers and polymer blends. Li and Zhang [14] used 2D IR 
photo-acoustic spectroscopy to the depth profile study of block 
polymer and polyester layered material. Jia et al. [158] reported 
the study of temperature-induced micellization process of an 
aqueous solution of a block copolymer involving conformational 
transition, dehydration, hydrogen bond breaking, and hydrophobic 
association by 2D IR. Zhou et al. [217] studied temperature-depen¬ 
dent transitions of polystyrene-b-poly(ethylene-co-l-butene)-b- 
polystyrene triblock copolymer with 2D IR. Chen et al. [200] 
studied the crystallization steps of polyoxymethylene and PEO 
blend during the cooling by 2D IR. Jelcic et al. [315] studied blends 
of polystyrene and polyethylene by 2D NIR with various concentra¬ 
tion of triblock copolymer compatibilizer, which affects specific 
interaction and conformational feature of polymer components. 
Kuo et al. [374] used 2D correlation for time-dependent IR spectra 
of blends of poly(vinyl phenol) and polybenzoxazine undergoing 
copolymerization reaction to produce super hydrophobic surfaces. 
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4.1.7. Conventional polymers 

Conventional synthetic polymers are routinely analyzed by 2D 
correlation spectroscopy. A number of publications related to the 
characterization of synthetic polymers appeared during this re¬ 
view period. For example, Chen et al. [53] gave the detailed band 
assignments by 2D IR for PET based on temperature dependent 
spectral changes during the cooling from the melt and time-depen¬ 
dence during the isothermal crystallization. Lee et al. [124] studied 
the photodegradation of PET film with UV-irradiation time by 2D 
IR. Virgin and reprocessed PET samples were studied with 2D IR 
by Badia et al. [373] for the kinetic model identification of the ener¬ 
getic valorization reaction by evolved gas analysis from tempera¬ 
ture scan of thermogravimetric analysis. Luo et al. [219] studied 
the Brill transition of nylon 66 using temperature-dependent 2D IR. 

Zhou and Xin [58] studied the time-resolved spectral change 
during the isothermal crystallization of isotactic PP containing var¬ 
ious benzilidene acetal nucleating agents by 2D IR. Xu et al. [59] re¬ 
ported the isothermal crystallization kinetics of isotactic PP 
containing graphene oxide nanosheet. Watanabe et al. [197] stud¬ 
ied various polyethylene samples during heating and applied 2D 
correlation analysis to the light microscopy retardance mapping 
histograms reflecting the spatial distribution of higher order supra 
molecular structure. Shinzawa et al. [203] studied the heating of 
HDPE and octene-1 LLDPE by 2D Raman. Smirnova et al. [51] stud¬ 
ied the non-isothermal crystallization of hydrogenated polybutadi¬ 
ene by 2D SAXS. Zimmermann and Vrsaljko [206] applied 2D IR 
sample-sample correlation to thermal analysis for the identifica¬ 
tion of glass transition of polystyrene. Wu et al. [318] studied poly¬ 
styrene with different MW by 2D dynamic mechanical 
spectroscopy to analyze the sub-Rouse mode response. Syndiotac- 
tic polystyrene was studied with 2D IR by Li and Wu [238] for the 
temperature-induced helical to planar zigzag conformational 
change. Zheng et al. [49] studied the time-dependent isothermal 
crystallization of syndiotactic polystyrene by 2D IR. 

Shi et al. [48] reported the 2D IR study of the time-dependent 
crystallization of polybutene-1 accelerated with super critical 
C0 2 to probe crystallization mechanism. Wang et al. [60] studied 
the gradual cooling crystallization process of a-trans-l,4-polyiso- 
prene by 2D IR. Wang et al. [207,359] analyzed dynamic mechan¬ 
ical and dielectric spectra of polyisobutylene by 2D correlation to 
resolve temperature-dependent loss tangent peak under different 
deformation frequency for the glass-to-rubber transition region. 
Melting process of PEO was studied with 2D IR by Zhou et al. 
[195], Li et al. [199] studied the non-isothermal crystallization 
and melting of polyoxymethylene. Melt blends of poly(ethylene 
succinate) and tannin were studied by Nurkhamidha et al. [317] 
and Popescu and Vasile [327], Partially hydrolyzed polyvinyl alco¬ 
hol was studied by Du et al. [255], Morita et al. [244] discussed the 
2D IR analysis of poly(vinyl alcohol). Kawabe et al. [23] discussed 
the 2D IR correlation analysis of poly(vinyl acetate) adhesive tape 
under deformation. Guo et al. [201] studied the temperature 
dependence of microstructure and phase transition of regioregular 
poly(3-dodecylthiophene) by 2D IR. Rettler et al. [245] studied 
poly(2-N-alkyl-2-oxazoline)s with different side chain lengths by 
temperature based 2D IR. 

Wu et al. [333] studied the interaction of polyacrylonitrile with 
various solvents at different concentrations by 2D IR. Li et al. [162] 
used 2D IR to study the temperature-induced changes in the 
hydrogen bonding of sodium salt of carboxymethyl cellulose. Jing 
and Wu [232] studied the temperature-induced coil-to-globule 
and sol-gel phase transitions of hydroxypropylcellulose aqueous 
solution by 2D IR and NIR. Popescu and Simionescu [226] reported 
the 2D IR study of the phase transition of allyl-terminated 
carbosilane dendrimer. Sui et al. [131] applied 2D correlation to 
derivative thermogravimetry to study the decomposition reaction 
of polyester-urethane adhesive with different doses of y-ray irra¬ 


diation. Li et al. [175] studied a thermoplastic segmented polyure¬ 
thane by 2D IR. Ryu et al. [69] reported the 2D IR and NMR study of 
the free radical polymerization process of poly(vinylpyrrolidone) 
with AgN0 3 chain transfer agent. Su et al. [70] studied the poly¬ 
merization reaction of partially cross linked polyacrylamide by 
2D IR, Xiang et al. [95] reported the 2D IR study of the thermooxi- 
dative degradation process of styrene-butadiene rubber. Popescu 
and Simionescu [96] studied the environmental weathering of an 
acrylic copolymer film. Photosensitive polyimide with cinnamate 
side group undergoing UV-irradiation-induced molecular reorien¬ 
tation was studied with 2D IR by Kim et al. [121], Photo-induced 
molecular reorientation and trans-ds isomerization of photosensi¬ 
tive polymer poly(4-methacryloyloxazobenzene) under different 
UV doses was reported by Lee et al. [122], 

4.1.8. Small molecules within polymer matrices 

Presence of small molecules, like water, within a polymer ma¬ 
trix is often studied effectively by 2D correlation spectroscopy. 
Wang et al. [39] used 2D ATR IR to investigate the diffusion of 
water in poly(ether urethane) block copolymer. Jun et al. [44,45] 
studied the water diffusion in poly(metaphenylene trimesamide) 
layer of a thin film composite membrane and in block copolymer. 
2D IR and 2D NIR studies of water diffusion in epoxy resin were 
reported by Li et al. [40], Water desorption process from water- 
soaked cotton fibers was studied by Liu et al. [20], Wang and Wu 
[41] reported the 2D IR study of water diffusion in PCL. Wang 
et al. [42] also studied the diffusion of water in LDPE film under dif¬ 
ferent temperature. 2D IR study of the sorption of water vapor in 
polyimide films was reported by Musto et al. [27], Diffusion of 
small molecules other than water was also studied. Fu and Lin 
[46] reported the 2D ATR IR study of the diffusion of multiple flavor 
components, including 2-octanone, hexyl acetate, octanal, limo- 
nene and linalool, in LLDPE. Lai et al. [47] studied the diffusion of 
plasticizer tri-2-ethylhyxyltrimellitate in poly(vinyl chloride) film 
at different temperature by 2D IR. 

4.2. Nanoparticles and nanocomposites 

The interest in nanoparticles remains strong. Kim et al. [65] 
used 2D DRIFTS to study the thermal annealing mechanism and 
micro-structural changes of tin-doped indium oxide nanoparticles. 
Tang et al. [78] reported the UV-visible extinction spectroscopy 
study of the halide ion etching (i.e., shape conversion) reaction of 
producing silver nanoprism to nanodisks particles. Doan et al. 
[91] applied 2D correlation to time-resolved spectra of photo-in¬ 
duced decarbonylation reaction of nanocrystalline diphenylcyclop- 
ropenone. Diaz-Visurraga et al. [283] studied the interaction of 
antibacterial copper nanoparticles with sodium alginate at differ¬ 
ent content as a stabilizer by 2D IR. Shao et al. [339] reported the 
2D ATR IR study of the conformational change of glucose oxidase 
upon adsorption onto graphine oxide. Liu et al. [358] used 2D Ra¬ 
man to study single walled carbon nanotube films under strain. 

Zhang et al. [366] used 2D correlation fluorescence to study the 
pressure-induced fluorescence enhancement of bovine serum 
albumin-protected gold nano clusters. Richardson and Wang 
[367] applied 2D correlation to the Raman image of single-wall 
carbon nanotube along positions to enhance spectral resolution. 
Nano particles are incorporated into various polymeric matrices 
to produce nanocomposite materials with superior properties. 
Ando et al. [52] reported the 2D IR study of the isothermal melt 
crystallization of PLA nanocomposite with organically modified 
layered silicate. Huang and Kuo [71 ] used 2D IR to study the curing 
kinetics and mechanisms of nanocomposite made of polybenzox- 
azine and polyhedral oligomeric silsesquxanes. Musto et al. [92] 
used 2D IR to study the photo-oxidative degradation reaction 
dynamics of epoxy resin stabilized with polyhedral oligomeric 
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silsesquioxane nano filler, as an organic-inorganic hybrid 
composite. 

Palszkiewicz et al. [120] used 2D ATRIR to study the nucleation 
and growth of apatite on a nanocomposite comprising chitosan 
and montmorillonite. Zhou et al., [242] used 2D Raman to study 
the melt intercalated PEO and clay hybrid nanocomposite. Shinza- 
wa et al. [250] reported the 2D correlation NMR study of nanocom¬ 
posite made of PLA and montmorillonite nano clay. Peng et al. 
[258] used 2D IR to study the thermal degradation behavior of 
nanocomposite material comprising CoAl-layered double hydrox¬ 
ide and PCL. Huang et al. [314] studied the specific molecular inter¬ 
action of polymer nanocomposites made by blending polyhedral 
oligomeric silsesquioxane derivatives and PEO by using 2D IR. 


4.3. Proteins and peptides 

A sizable number of articles were published on the 2D correla¬ 
tion spectroscopy study of proteins, polypeptides and related mol¬ 
ecules. The enhanced spectral resolution achieved by the 
application of 2D correlation, as well as the capability to determine 
the coordinated and sequential changes of spectral band intensi¬ 
ties, makes this technique especially attractive to the analysis of 
complex molecules. Tang et al. [22] used 2D localized surface plas- 
mon resonance spectroscopy based on time-resolved excitation 
spectroscopy to study the interaction between bovine serum albu¬ 
min (BSA) and silver or gold nanoparticles. Gomaa et al. [130] used 
2D IR to study the effect of microwave exposure treatment and 
temperature on the H/D exchange of fS-lactoglobulin in D 2 0. Das 
et al. [137] investigated the temperature-induced conformational 
changes of studied a number of proteins, e.g., BSA, lysozyme, ribo- 
nuclease A, and myoglobin, by using 2D SERS with nano-structured 
substrates. Wang et al. [141 ] used 2D IR to study the temperature- 
induced unfolding of conformational structures of glucose oxidase 
protein. 

Ausilli et al. [146] determined the three-step thermal unfolding 
of zinc-dependent alcohol dehydrogenase from hyper thermophilic 
archeon microorganism with 2D IR. Zhang et al. [142] and Wu et al. 
[230] used concatenated 2D IR for the determination of the revers¬ 
ibility of thermally induced folding, unfolding and globule to coil 
transition of bovine pancreatic ribonuclease A. Ashton and Blanch 
[267] studied the pH-dependent conformational transition of bo¬ 
vine a-lactalbumin with 2D Raman. Brewster et al. [322,337] 
reported the 2D Raman study of glycosilation status of protein by 
varying the concentration of native ribonuclease A and ribonucle¬ 
ase B, as well as chemically induced protein unfolding with differ¬ 
ent guanidine hydrochloride denaturant dose. Shao et al. [339] 
studied the conformational change of glucose oxidase upon 
adsorption onto graphine oxide with different protein concentra¬ 
tion with 2D IR. Nowak et al. [348] reported the 2D SE1RAS study 
of membrane redox protein cytochrome c oxidase with varying 
electrical potential. Zhang and Wu [362] analyzed a number of pro¬ 
teins, including lysozyme, human serum albumin, ubiquitin, and 
ribonuclease A, by using 2D IR with structural and hydration 
changes under pressure. 

Structure dynamics of proteins was explored by 2D correlation 
spectroscopy. Shashilov and Lednev [375] discussed the analysis of 
protein structure and dynamics by using 2D Raman spectroscopy, 
which is sensitive to conformations. Lednev et al. [77] reported 
the 2D deep UV resonance Raman study of the H/D exchange of 
in vivo protein structural evolution of amyloid fibril at the early 
stage of fibrillation. Lednev and Sikirzhytski [376] gave more dis¬ 
cussion on the use of deep UV 2D Raman to probe protein fibrilla¬ 
tion mechanisms. De la Arada et al. [62] used 2D IR to study the 
aggregation process of amyloid fibril formation for bovine and 
human serum albumin with varying incubation time. Piccirilli 


et al. [363] used 2D IR to examine the pressure effect on aggrega¬ 
tion of bovine pancreatic insulin amyloid. 

Li and Li [144] used 2D correlation fluorescence to probe the 
temperature-induced denaturation process of collagen dissolved 
in glycerol or 2-propanol. Chen et al. [147] used 2D IR to study 
the thermal denaturation of uncrosslinked and crosslinked colla¬ 
gen. Guo et al. [148] studied the temperature-induced denatur¬ 
ation of aqueous collagen solution by 2D IR. Chys et al. [243] 
used 2D IR to study the thermal responses of alkali-pretreated 
gelatin fractions to investigate the sequences of conformational 
changes. Wu et al. [288] used 2D fluorescence to study the concen¬ 
tration dependence of aggregation of type I collagen in acidic solu¬ 
tion. Tan et al. [330] reported the 2D IR study of conformational 
changes and specific interaction of blends of collagen and hyalu¬ 
ronic acid with varying compositions. Tian et al. [332] studied 
the conformational change and specific interaction of blends of col¬ 
lagen and chondroitin sulfate with 2D IR. 

Many other types of proteins were studied. Sakurada et al. [105] 
studied the time-dependent secondary structure changes of Ca 2+ - 
binding protein calmodulin with its antagonist by 2D IR. Saguer 
et al. [107,161] investigated the heat-induced aggregation and 
gelation of whole porcine blood plasma and serum proteins with 
2D IR. Fabian et al. [139] used 2D IR to determine the sequential 
order of the thermal unfolding of Cro repressor of the X phage 
and its variants. Popescu et al. [140] used 2D IR to examine the 
mechanism of temperature-induced secondary protein structure 
changes of soluble elastin. Gao et al. [143] used 2D IR to study 
the thermally induced conformational change of an apoptosis 
inhibitor protein surviving. Sovova et al. [145] studied the thermal 
dynamics of natural killer cell receptor proteins with 2D IR and 2D 
Raman. 

Tian et al. [150] investigated the thermally induced conforma¬ 
tional transition of soy protein with 2D IR. Scire et al. [151] used 
2D IR to probe the temperature effect on rat odorant-binding pro¬ 
tein. Ashton et al. [270] used 2D Raman and 2D ROA to study the 
pH effect on protein phosphorylation process. Ashton et al. [377] 
also used 2D Raman for the analysis of flow-induced conforma¬ 
tional changes of proteins by using a Taylor-Couette flow cell. 
Weingarth et al. [378] applied 2D covariance processing for time, 
resolution and sensitivity gain to the NMR study microcrystalline 
proteins. Li et al. [379] studied microcrystalline proteins by 2D 
covariance NMR. Ren et al. [380] studied the conformational 
changes under heat treatment of ovotransferrin with 2D IR. Pastr- 
ana-Rios et al. [149] developed a 2D IR method for determining the 
aggregation, stability and viability of proteins, peptides and 
peptoids. 

Various peptides were investigated. Le Bihan et al. [19] used LC- 
MS based 2D mass spectrometry to study peptide fragments ob¬ 
tained from cytoplasmic proteins of a cell extract. Caerda-Costa 
et al. [113] investigated the temperature-induced conformational 
reorganization and aggregation of activation domain of human 
procarboxypeptide as a function of incubation time at 90 °C by 
using 2D IR. De la Arada et al. [138] studied the temperature-in¬ 
duced conformational transition of peptide with 2D IR. Sikirzhytski 
et al. [106] used 2D deep UV resonance Raman to determine the se¬ 
quence of fibrillation process of genetically engineered model 
polypeptide. Ma et al. [273] reported the 2D UV-resonance Raman 
study of pH dependent side chain electrostatic interactions of 
poly-L-lysine. Zhang et al. [361 ] investigated the pressure-induced 
conformational change of poly-L-lysine with different initial con¬ 
formation with 2D IR. 

Sosa et al. [152] reported the 2D IR study of thermally induced 
structural changes of complex between a calcium binding protein 
centrin and model peptide melittin. Pienpinijtham et al. [276] 
and Podstawska-Proniewicz et al. [326] carried out the 2D SERS 
study of neurotensin, a peptide known to stimulate tumor growth, 
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with various modifications. Podstawka et al. [345] also reported 
the 2D SERS study of phenylalanine-substituted bombesin frag¬ 
ment peptides adsorbed on various electrode surfaces under differ¬ 
ent electrode potential. Lafon et al. [381] reported 2D covariance 
NMR study of chiral molecules dissolved in polypeptide liquid 
crystalline mesophase. 

4.4. Other biomolecules 

Other biomolecules, such as lipids, saccharides, and DNA, were 
also studied. Popescu and Vasile [196] used 2D IRto study the tem¬ 
perature induced melting and partial miscibility of poly(tetrahy- 
drofuran) and cholesteryl palmitate. Szwed et al. [213] applied 
2D correlation to the temperature-dependent ATR 1R spectra to 
examine the effect of incorporating fluphenazine into a model 
bilayer membrane of dipalmitoylphosphatidylcholin. Wu et al. 
[214] used 2D IR to study the temperature induced phase transi¬ 
tion between lamellar and micellar phase of amphiphilic lysophos- 
pholipid 1-stearoyllysophosphatidylcholin to probe the 
cooperativity of phase transition phenomenon. Morita and Kitaga¬ 
wa [225] reported the moving-window 2D correlation analysis of 
the temperature effect of poly(2-methacryloyloxyetyl phopho- 
rylcholine). Litwinczuk et al. [275] used 2D polarized ATR IR to 
examine the pH dependence of orientation of solid-supported 
bilayer of phospholipid l,2-dipalmitoyl-sn-glycero-3-phophocho- 
line (DPPC). Leitch et al. [354] used 2D 1RRAS to study the voltage 
dependent changes of phospholipid-cholesterol bilayer with chol¬ 
era toxin B on Au(III) electrode surface. 

Khesbak et al. [24] reported the 2D IR analysis of isothermal 
transition and conformational states of DNA based on transient 
IR spectra collected after pulsed hydration. Zhang et al. [68] used 
2D NIR to detect glucose under the influence of various interring 
effect. Rao et al. [360] applied 2D SERS to single-molecule force 
spectroscopy by using a dual optical trapping of DNA near Ag nano¬ 
particles. Rudd et al. [382,383] discussed the utility of 2D IR-CD 
hetero-spectral correlation for the study of glycosaminoglycans 
family of anionic polysaccharides, like heparin, titrated with cop¬ 
per (II) cation inhibitor. 

4.5. Bio-based materials and whole biological samples 

Samples generated from biological systems are usually complex 
mixtures and heterogeneous composites, instead of isolated pure 
compounds. Because of the unique features of sorting out over¬ 
lapped and convoluted information, 2D correlation spectroscopy 
can be effectively applied to such bio-based samples. Even live 
microbial cells can be directly analyzed. For example, Kirwan 
et al. [110] used 2D correlation 31 P NMR to examine the growth 
process of a plant pathogen Phytophthora palmivora with and with¬ 
out phophonate. Nishi et al. [Ill] used 2D NIR-IR hetero-spectral 
correlation for directly monitoring the ethanol content during the 
fermentation process. Ricci et al. [112] reported the time course 
study of yeast Saccharomyces cerevisiae fermentation with different 
ethanol concentration by statistical 2D 13 C NMR. Liu et al. [384] 
used thermal fingerprinting 2D IR for powder of cyanobacterium 
Spilulina with and without gamma irradiation. 

Natural fibers were studied by 2D correlation spectroscopy. Liu 
et al. [20] examined the water desorption process from water- 
soaked cotton fibers by using 2D IR. Liu et al. [103] and Liu [104] 
characterized with 2D IR cotton fibers with different maturity 
stages, determined by the days after flowering, which will have dif¬ 
ferent crystalline and amorphous cellulose contents. Sun et al. 
[385] discussed the detection method for natural bamboo fibers 
based on chemical treatment of fiber samples followed by 2D IR 
analysis. 


Wood products undergoing a degradation processes were stud¬ 
ied. Popescu et al. [115-117] studied lime wood Tilia cordata Mill, 
exposed for different time period to soft-rot fungi, such as Tricho- 
derma viride Pers. or Chaetomium globosum to induce decay. The 
degradation of wood can be controlled by chemical coating treat¬ 
ment. Popescu and Simionescu [96] studied the environmental 
weathering process of lime wood coated with acrylic treatment 
by using 2D IR. Popoescu et al. [118] studied the degradation of 
lime wood by other mechanisms, such as hydrolysis, oxidation, 
and decarboxylation reactions with varying amount of treatment 
time. 

Many other biological systems were also studied. Quaroni et al. 

[83] reported the 2D synchrotron FT IR study of living retinal rod 
cells based on time-resolved spectra collected after photo-stimula¬ 
tion. Wang et al. [109] used 2D IR to determine the biopolymer 
degradation sequence during the composting process of rapeseed 
meal and what bran. Harvey et al. [260] used 2D IR to study 
plant-derived bio char samples produced by a heat treatment with 
rising temperature under oxygen-limited condition, via et al. [263] 
used ATR IR-NIR hetero-spectral correlation to characterize the 
biomass changes of sweet gum, Loblolly pine and switch grass dur¬ 
ing the torrefaction or roasting process. 

De Almeida et al. [319] used 2D ATR IR to study zein-based bio¬ 
films with different concentration of a xanthan gum additive. Xu 
et al. [334] used 2D visible/NIR to examine the mixture of goose 
down and duck down with different composition. Liu et al. [386] 
reported the application of a correlation method to a UV-visible 
reflectance monitoring study based on the remote sensing for wet¬ 
land vegetation growth. Wu et al. [387] applied 2D IR to discrimi¬ 
nate bee pollens from different plants. Bingol and Briischweiler 
[388] studied E. coli cell lysate by 2D covariance NMR. 

4.6. Food products 

Application of 2D correlation spectroscopy in food science has 
been very active, and a number of publications on this topic 
appeared during this survey period. For example, Rodriguez et al. 

[84] characterized beer samples under forced aging with 2D corre¬ 
lation NMR. Chen et al. [38] used 2D IR for the quantitative dis¬ 
crimination of seemingly similar samples of sweet and dry wine 
based on the room temperature volatilization behavior. Cozzolino 
et al. [257] used 2D MS electric nose for the headspace analysis 
of wine. Ferrari et al. [324] analyzed red wine samples, which 
had been color-enhanced with anthocyanins from grapevine or 
black rice, by using NIR-NMR hetero-spectral correlation. Fudge 
et al. [338] used 2D IR for the identification of smoke-affected 
wine. Zhang et al. [389] compared red wine samples and their 
dried residues with different sugar contents (i.e., dryness) and 
manufactures by the three-step IR macro-fingerprint method by 
using temperature-based 2D IR. 

Cozzolino et al. [129] used 2D NIR reflectance to analyze red 
grape homogenate exposed to different microwave heating time. 
Giangiacomo et al. [33] studied the osmotic dehydration process 
of apple with hypertonic sugar solution with 2D NIR analysis. 
Sinelli et al. [25,34] used 2D diffuse reflectance NIR for monitoring 
the osmo-air dehydration process of blueberries. Yu et al. [331] 
reported the 2D IR study of edible oil blends. Chen et al. [390] used 
2D NIR for the discrimination of edible vegetable oils. Chen et al. 
[252] also discussed the use of 2D fluorescence as an identification 
method for edible vegetable oils. By using 2D correlation chroma¬ 
tography, Andary et al. [134] analyzed the valorization of olive 
stones by dilute acid hydrolysis followed by varying the duration 
of over-liming process to increase sugar content. 

Katayama et al. [32] studied the rehydration process of 100% 
amylopectin starch obtained from glutinous rice flour, which is 
capable of gelatinization either by heating or rehydration without 
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heating, by using IR-NIR 2D hetero-spectral correlation. Piccinini 
et al. [61] used 2D NIR FT Raman to investigate the starch retro¬ 
gression process by aging of Semolina bread crumb. Luo et al. 
[66] used 2D NIR for the on-line detection of time-dependent vari¬ 
ations of sugar content of jujube. Shinzawa et al. [308] used 2D NIR 
to study Thai fish sauce samples with varying nitrogen contents. 
Lei et al. [391] used 2D IR to compare milk powder products with 
different levels of added lactose. Lii et al. [392] used 2D NIR diffuse 
reflectance for the rapid identification and classification of 
fishmeal and soybean meal protein feed. Sun et al. [393] used 2D 
fluorescence to analyze the oxidation reaction of ground meat. 

4.7. Environmental samples 

2D correlation spectroscopy has also been utilized to analyze 
complex mixture samples encountered in the field of environmen¬ 
tal science. Yu et al. [108] studied the extracellular polymeric sub¬ 
stances in biofilms developed during composting by using 2D IR, 
2D NMR and IR-NMR hetero-spectral correlation. Mecozzi et al. 
[114] analyzed the aggregate formation process of marine muci¬ 
lage with 2D IR and UV-visible-IR hetero-correlation. Pietroletti 
et al. [135] used 2D IR to study the pollutant removal by marine 
alga Caulerpa racemosa exposed to various hydrocarbons. Hur 
et al. [123] studied leaf litter humic substance and Suwannee River 
fulric acid under different UV irradiation time with 2D fluores¬ 
cence. Hur and Lee [302,303] used 2D fluorescence to study the 
metal binding capability of dissolved organic matter in environ¬ 
ment and heterogeneous distribution of copper-binding character¬ 
istics of ultrafiltered size fractions of soil humic acid. 

Abdulla et al. [304] reported the 2D IR, 2D 13 C NMR correlation, 
and IR-NMR hetero-correlation studies of dissolved organic matter 
along an estuarine transect with varying salinity to identify the 
nature and origin of components. Abdulla et al. [305] further re¬ 
ported the use of Fourier transform ion cyclotron resonance based 
2D MS and MS-NMR hetero-correlation to analyze the ultrafiltered 
dissolved organic matter from the lower Chesepeake Bay with 
varying salinity. Li et al. [369] used 2D IR to analyze the diagenesis 
of organic matter in Lake Superior sediment at different depth of 
core sampling. Forouzanghar et al. [394] carried out the NMR-IR 
and NMR-NIR hetero-correlation studies of soil organic matter 
for band assignment. 

4.8. Medical, physiological, and pharmaceutical applications 

Various forms of 2D correlation spectroscopy techniques were 
used in the field of medical, physiological, and pharmaceutical 
applications. Andraka et al. [88] used 2D IR to detect the metabolic 
changes of normal and cancerous keratinocyte cells with time after 
irradiation with different dosage. Gasper et al. [119] reported the 
2D IR study of human prostate cancer cells in the presence of 
two different cardenolides with different incubation time after 
the exposure. Balint et al. [271] used 2D SERS to determine a prop¬ 
er marker band for pH dependence of Raman spectrum of 4-merca- 
ptobenzoic acid used as local pH monitoring within cancer cells. 

Kirwan et al. [98] reported the metabonomics time study of hu¬ 
man blood plasma obtained from subjects recovering from exhaus¬ 
tive exercise with ingestion of controlled diet by using 2D 
correlation NMR. Robinette et al. [99] analyzed the time variation 
of rat urine during the L-arginine induced pancreatitis develop¬ 
ment by statistical 2D correlation NMR. Sonker et al. [100] studied 
the transient metabolic flux of phage infection with statistical 2D 
NMR. Xu et al. [101] reported the statistical hetero-sample correla¬ 
tion between urine and serum 'H NMR spectra from metabolomic 
data sets. Blaise et al. [395] used statistical 2D NMR to identify con¬ 
nections within the perturbed metabolic network. Aher et al. [396] 
reported the use of statistical 2D NMR-MS hetero-spectral correla¬ 


tion applied to the metabonomics study of biofluids and tissues. 
Posma et al. [397] used a variant form of statistical 2D NMR for bio¬ 
marker differentiation from a large number of urine samples. 
Zhang et al. [336] used 2D ATR-IR to examine the blood glucose 
concentration. 

Various pharmaceutical samples were examined by using 2D 
correlation spectroscopy. Kachrimanis and Griesser [26] used 2D 
IR to analyze the dehydration process of a pharmaceutical ingredi¬ 
ent carbamazepine dihydridate. Zimmermann and Baranovic et al. 
[264] used 2D IR for the study of polymorphs of analgesic and anti¬ 
pyretic compound paracetamol. Jiang et al. [300] reported the 2D 
UV study of the molar ratio dependence of different forms of Al(III) 
complex with curcumin obtained from turmeric for the possible 
prevention of Alzheimer’s disease. Chruszcz-Lipska et al. [272] re¬ 
ported the 2D Raman study of pH-dependence of oxirane ring 
opening reaction of antibiotic fosfomycyn. Masuda et al. [398] used 
2D covariance NMR to improve the S/N to detect weak cross peaks 
arising from site specific interaction between curcumin and amy¬ 
loid [1-protein fibrils. Rudd et al. [328,399] reported the 2D NMR 
study of heparin with compositional changes caused by contami¬ 
nants or natural structural variability. 

Hattori and Otsuka [43] used 2D NIR to examine the water 
penetration into and interaction with disaccharide excipient of 
pharmaceutical tablets. Shinzawa et al. [132] applied 2D correla¬ 
tion to the time-dependent NIR spectra during the spontaneous 
evaporation of moisture from cellulose excipient for pharmaceuti¬ 
cal tablets to probe the effect of preparatory grinding process 
which lowers the crystallinity and consequently the contents of 
absorbed, bound and free water. Pressure-induced variation of cel¬ 
lulose affecting the packing and crystallinity was also examined 
[340,365], Shinzawa et al. [157] also reported 2D X-ray diffraction 
(XRD), and hetero-correlation between XRD and dissolution profile 
of active ingredient or XRD and water absorption profile of phar¬ 
maceutical tablets containing cellulosic excipient and pentoxifyl¬ 
line under different compressive deformation, affecting both 
crystallinity and compaction. Shinzawa et al. [400] further 
reported the use of 2D NIR in the analysis of imaging data of cellu¬ 
lose tablets made under different grinding time, which induces 
crystallinity changes and other transitions. 


4.9. Traditional Chinese medicines 

Holistic discrimination of complex traditional Chinese herbal 
and related medicines by 2D correlation spectroscopy was pio¬ 
neered by Sun [265], So-called macro-fingerprinting 2D IR spectra 
with distinct visual characteristics associated with individual sam¬ 
ples are generated from the correlation analysis of IR spectra 
obtained under the programed heating of samples from the room 
temperature to near decomposition. This technique is extensively 
utilized especially in China for rapid qualitative discrimination of 
complex mixture samples due to its sensitivity to subtle variations 
in the chemical compositions and morphological features arising 
from different origins of samples, including counterfeit products 
and even geographic variations. 

Sun et al. [401] published a book written in Chinese dealing 
with IR analysis of traditional medicines. Three-step macro-finger¬ 
printing method, involving FT IR, the second derivative analysis of 
IR spectra, and temperature-based 2D IR analysis, was described. 
Han et al. [402] successfully discriminated Kudzu root (radixpuera- 
riae) from different geographies by this technique. Huang et al. 
[403] compared Huanqi, i.e., Astragalus membranaceus (Fisch) Bge. 
Var. mongholicus (Bge.) Hsiao, and its counterfeit Ciguogancao 
(Glycyrrhiza pallidiflora Maxim.). Wang et al. [404] reported the 
analysis of different species of dendrobium. Yang et al. [405] 
reported the differentiation of cordyceps, which is a parasitic 
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fungus on lava and caterpillar, of different origins and counterfeit 
products. 

Chen et al. [406] reported the discrimination of ganoderma spe¬ 
cies by multi-step IR macro-fingerprint method. Lei et al. [407] 
compared alcohol extracts of dried stems of Cistanche deserticola 
by using different concentration of alcohol. Li et al. [408] compared 
five species of Beimu (Bilbus Fritillariae ) and their alkaloid extracts. 
Liu et al. [409] used macro IR fingerprinting for deer antler based 
medicine. Sun et al. [410] reviewed with many examples the anal¬ 
ysis of traditional Chinese medicine with thermal perturbation 
based 2D IR analysis as a fingerprinting technique. Tan et al. 
[411] reported the multistep IR macro-fingerprinting analysis of 
traditional herbal leaves of Phyllagathis praetermissa from different 
localities in Malaysia. Tu et al. [412] analyzed traditional medicine 
Cao Wu (Radix Aconite kusnezoffi ) subjected to different processing 
methods, which resulted in different influence on product 
constituents. 

Wu et al. [413] reported the discrimination of Agrimonia Pilosa 
Ledeb and its extracts. Xu et al. [414] evaluated various traditional 
medicines for aiding blood circulation. Xu et al. [415] compared 
different sources of Herba cistanche. Yao et al. [416] reported the 
differentiation of eight species of fruit of various Lycium barbarum. 
Yin et al. [417 ] analyzed Da Xue Teng or Sargentodoxa cuneata ( oliv ) 
Rehd. etwils in the original herbal form, extracts with water or 
with anthraquinone, and residues. Zhang [418] applied the three- 
step macro-fingerprint to differentiate one of the most important 
classes of traditional Chinese medicines ginseng ( Panax ginseng 
C.A. Meyer) root samples with different growth environments 
and growth years. Zhang et al. [419] reported the analysis of the 
crude form and extract of radix Scutellariae biclensis Georgi. 

Zhou et al. [420] examined the quality difference of licorice 
(Glycyrrhiza uralensis Fisch.) from different ecological habitats with 
varying climate, which could not be effectively detected by HPLC 
analysis of only select components, like glycyrrhizic acid and 
liquiritin. Adiana et al. [421] applied the macro-fingerprinting of 
tropical medicinal plant Senna Alata L„ commonly known as candle 
bush, by holistic analysis of chemical constituents. Choong et al. 
[422] reported the differentiation of water extract of medicinal 
mushroom Ganoderma lucidum. Li et al. [423] described the ther¬ 
mal perturbation 2D IR of leech commonly used in traditional Chi¬ 
nese medicine before and after processing, and protein structure 
changes and oxidation of fatty acids and cholesterol components 
were detected. Tan et al. [424] discussed the macro-fingerprinting 
identification and quality control of herbal medicine, Phyllagathis 
rotundifolia and Phyllagathis praetermissa. 

Wang et al. [425] reported the discrimination of various horns 
used in traditional medicine. Zhang et al. [426] carried out the 
identification of alcoholic extracts and residues of Cinstanche 
deserticola. Abdullah et al. [427] reported the authentication of 
three different medicinal herbs Libisia pumila. Cui et al. [428] ana¬ 
lyzed the ultrasonic extract of actives from larch bark. Lu et al. 
[429,430] carried out the discrimination of traditional Chinese 
medicine Danshen, root and rhizome of Salvia miltiorrhiza Bunge, 
from different regions and of different growth year. Xu et al. 
[431] reported the rapid discrimination of three different Radix 
Puerariae and their extracts. Sun et al. [432] compared genuine 
Herba geranium and those from other geography. 

Traditional Chinese medicines are also studied by 2D correla¬ 
tion spectroscopy techniques other than controlled thermal 
decomposition study. For example, Zhang et al. [142] used concat¬ 
enated 2D IR analysis for the discrimination of Astragus zhenheiqi 
samples by comparing temperature-dependent spectral data to 
that of reference material. Zhou et al. [289] examined the concen¬ 
tration of analyte in Ginko biloba extracts by using 2D NIR correla¬ 
tion to select informative spectral intervals for chemometrics 
analysis. 


4.10. Pure liquids and solution mixtures 

Specific interactions, associations and aggregations in pure liq¬ 
uids and solution mixtures are important topics studied with 2D 
correlation spectroscopy. Sun et al. [153] used 2D NIR to examine 
the hydrogen bonding and transformation of aggregate species of 
pyrrole from polymer to dimer to monomer form. Tang et al. 
[154] studied the self-association of 2-pyrrolidone in the pure li¬ 
quid. Haufa et al. [164] reported the 2D NIR study of aminoalcohols 
in the pure liquid state, as well as in CC1 4 and water. Liu et al. [165] 
reported the 2D NIR study of methanol and ethanol to probe the 
evolution of different hydrogen bonding association structures. 
Ryu et al. [172] studied temperature dependent IR spectra of eth¬ 
ylene glycol. Czarnecki [173] discussed the 2D NIR study of the 
temperature-induced peak position shift of hydrogen-bonded 
cyclohexanol. 

Radice et al. [170] studied the hydrogen bonding in fluorinated 
amide by 2D IR. Sloop et al. [223] reported the 2D Raman study of 
the temperature-induced phase transition phenomenon and keto- 
enol and enol-enol tautomerization of fluorinated aryl p-dike- 
tones. Koeppe et al. [280] studied the hydrogen-bonded complexes 
formation of 2-chlore-4-nitrophenol with acetate ion by using 2D 
UV-visible and NMR hetero-spectral correlation. Unger et al. 
[194] and Shinzawa et al. [157] reported the 2D IR study of the 
recrystallization and self-assembly process of oleic acid. Czarnecki 
[433] reviewed various 2D correlation spectroscopy studies of 
hydrogen-bonded systems. 

Solution systems consisting of several components with their 
molecular interaction behaviors were investigated. Li et al. [37] 
studied with 2D IR solutions of oleic acid or linoleic acid in ethanol. 
Szyc et al. [168] used 2D IR to probe the complexation chemistry of 
2-pyridone, which can also isomerizes to 2-hydroxypyridine, in 
CD2CI2. Liu et al. [166] used 2D IR to study the interaction between 
4-aminopyridine and methacrylic acid. Ryu et al. [171,172] ana¬ 
lyzed acetone in a mixture of CHC1 3 and CC1 4 by 2D IR. Czarnecki 
[174] studied the hydrogen bonding of diamine and water mixture 
with 2D NIR. Tong et al. [278] studied the mixture of 1-propanol 
and water with 2D IR. Unger et al. [281] used 2D IR for solution 
mixtures of N,N-dimethyl formamide or N,N-dimethyl acetamide 
in methanol. 

Chen et al. [282] studied the system of iodine-benzene mix¬ 
ture in CC1 4 with 2D UV-visible and 2D IR spectroscopy. Li 
et al. [285,313] studied acetone or DMF and butanone mixture 
in CC1 4 by 2D IR. Szostak et al. [286,287] used 2D Raman to study 
the self-aggregation of trichloroacetaldehyde in CC14 and deutrat- 
ed cyclohexane. Morita et al. [307] discussed the study of evap¬ 
oration of ethanol from a mixture with oleic acid. Shinzawa and 
Ritthiruangdej [308] studied the ethanol and oleic acid mixture 
by 2D IR. Li et al. [312] investigated the mixture of butanone 
and dimethyl formamide in CC1 4 . Mello et al. [434] reported 
the 2D Raman study of the composition dependence of ethanol 
and methanol mixture, and microscopically non-ideal solution 
behavior, suggesting the possible formation of clusters, was 
observed. 

A number of mixture systems involving ionic liquids were stud¬ 
ied. Czarnecld et al. [163] reported the 2D NIR study of hydrogen 
bonding interaction for ionic liquid in cyclohexanol and water mix¬ 
tures. Liu et al. [166] studied the temperature dependent interac¬ 
tion between 4-aminopyridine and methacrylic acid. Sun and Wu 
[167] studied the thermally induced evolution of a mixture of 
water and an ionic liquid l-butyl-3-methylimidazolium tetrafluo- 
roborate. Wu et al. [290] used 2D NIR to probe the effect of ethanol 
addition with different concentration to aqueous solution of ionic 
liquid. Park et al. [291] used 2D IR to study the concentration- 
dependent hydrogen bonding interactions of zwitterion-type ionic 
liquids in water. 
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Wang et al. [292] studied an ionic liquid, 1-butylpyridinium tet- 
rafluoroborate, in water or DMSO. Zhang et al. [293] use 2D IR to 
probe the interaction between ionic liquid and water with varying 
concentration affecting the hydrogen bonding. Aleska et al. [294] 
reported the 2D Raman study of aqueous solutions of ionic liquid, 
l-decyl-3-methyl-imidazolium bromide, with increasing water 
content to detect different states of water. He et al. [295] used 
2D IR to study the molecular interaction in a mixture of methanol 
and ionic liquid, l-ethyl-3-methylimidazolium lactate. 


4.11. Colloids, interfaces, and electrode surfaces 

The state and interaction of molecules at various interfaces are 
often analyzed by using 2D correlation spectroscopy. Haider et al. 
[17] applied 2D correlation to the time-resolved adsorption- 
desorption IR spectra by selectively poisoning colloidal Au catalysis 
with thiols. Chowdhury [18] studied the adsorption of 2-amin- 
obenzithiazole onto nano-colloidal silver surface. Takumi et al. 

[29] used 2D external reflection-absorption IR to analyze the 
time-dependent adsorption dynamics of hexadecylpyridinium 
and sodium dodecyl sulfate to air and water interface. Yang et al. 

[30] reported the 2D IR study of the dynamic adsorption of cate¬ 
chol on goethite, which was found to be influenced by pH but 
not by ionic strength. Yan et al. [31 ] used 2D IR to probe the effect 
of dissolved organic matter on the desorption process of enroflox- 
acin onto montmorillonite under different pH. 

Makie et al. [136] used 2D DRIFTS for the adsorption study of 
trimethyl phosphate onto nanomarticles of hematite, maghemite, 
or goethite. Park et al. [155] used 2D DRIFTS to examine the tem¬ 
perature effect on self-assembled thin films of sensitizing dye for 
solar cells on nanocrystalline Ti0 2 surfaces. Murawska et al. 
[240] used 2D IR to study the structural changes during the heating 
of two-component liposome. Jung et al. [259] reported the 2D 
DRIFTS study of the surface-induced thermal degradation mecha¬ 
nism of self-assembled thin film of ruthenium complex dye con¬ 
taining polypyridyl ligand anchored on Ti0 2 surface, which are 
used for dye-sensitized solar cells. Lindegren et al. [266] used 2D 
IR to study the pH dependence on the adsorption of citrate and tri- 
carballylate onto goethite suspended in water. 

Olsson et al. [269] reported the 2D IR study of the adsorption, 
desorption, and surface-promoted hydrolysis of glucose- 1-phos- 
pahte based on pH-dependent surface complexes formation on 
goethite. Chandra et al. [309] used 2D SERS to investigate the con¬ 
centration dependence of 3-thiophene carboxylic acid adsorption 
onto silver nano colloids. Simanova et al. [310] studied the reaction 
of oxalate or Fe(C 2 0 4 )3~ adsorbed at water-geothite interface. Song 
and Boily [329] reported the 2D IR study of the concentration 
dependence of surface hydroxyl groups of akaganeite (fl-FeOOH) 
particles. Yu et al. [335] used 2D IR to probe the binding of organic 
ligands with Al(III) in soil dissolved organic matter with different 
Al(III) concentration. 

2D correlation spectroscopy is often used in the analysis of reac¬ 
tions at the electrode interface. Yan et al. [86] used 2D SEIRAS to 
investigate the electrochemical reaction of water at CO predosed 
Pt electrode interface under strong hydrogen evolution. Aldon 
and Perea [297] reported the 2D Mossbauer study of the electro¬ 
chemical reaction of Li extraction from positive electrode. Boily 
[341 ] used 2D IR to study the oxyanions adsorbed on solid surfaces 
with electric field. Podstawka and Niaura [342] used 2D SERS for 
the analysis of neurotransimitter bombesin chemisorbed on elec- 
trochemically roughened electrode surfaces. Podstawka et al. 
[345] reported the 2D SERS study of peptides adsorbed onto vari¬ 
ous electrode surfaces. Ambrosio and Laredo et al. [346] studied 
the gold-supported biomimetic membrane phospholipid bilayer 
containing ion channel peptide with electrode potential. 


Naumannetal. [347] reported the 2D SEIRAS study of the electro¬ 
chemistry of protein tethered bilayer lipid membrane as a function 
of potential. Nowak et al. [348] investigated the membrane redox 
protein cytochrome c oxidase under varying electrical potential. 
Ambrosio and Gewirth [349] used 2D SERS to probe the reactions 
of alkaline aqueous solution at Ag electrode by cyclic voltametry. 
Colina et al. [350] investigated with 2D Raman the electrochemical 
oxidation of transparent single-walled carbon nanotubes during 
anodic voltametric scan. Butcher et al. [352] used 2D Raman to 
investigate the electrical potential dependent assembly of 2,2'- 
bipyridine on Au( 100) and Au( 111). Park et al. [296,298,344,353 ] re¬ 
ported a number of electrochemistry studies at the electrode-elec¬ 
trolyte interface of LiCo0 2 /Li cell. Litch et al. [354] used 2D IRRAS for 
voltage-dependent changes of phospholipid and cholesterol bilayer 
with cholera toxin B on Au(III) electrode surface. Su etal. [355] stud¬ 
ied with 2D IRRAS the electrochemistry of lipid bilayer assembled at 
Au(III) electrode surface. 

4.12. Inorganic-organic hybrids and ionic species 

A number of hydrothermally synthesized coordinated metal 
compounds with organic ligands were studied by 2D IR using ther¬ 
mal and magnetic perturbations. Chai et al. [176] analyzed the 
hydrothermally synthesized compound from bismuth and a flexi¬ 
ble ligand N,N'-diacetic acid imidazolium chloride by 2D IR. Rare 
earth 3-bi-pyridine polymer was studied by Chen et al. [ 177], diva¬ 
lent transition metal carboxyarylphosphonates by Lei et al. [178], 
crystals of carboxylate metal coordination compounds hydrother¬ 
mally synthesized with 3-methylbenzoic acid by Chen et al. 
[179], and porous organic-inorganic hybrid compound of polyox- 
ovanadium borate by Li et al. [180,181], 

Hydrothermally synthesized polyoxometalates with different 
carboxylic ligands and photocatalytic activities was investigated 
by Chen et al. [182], organically template aluminoborte with qua¬ 
si-aromaticity by Hu et al. [183], lanthanide 2-hydroxynicotinic 
acid coordination polymer by Mei et al. [184], and polyoxovanadi- 
um borate organic-inorganic hybrid was analyzed by Sun et al. 
[185], Keggin-type heteropolytungustates was studied by Chai 
et al. [186] and nitrogen-heterocyclic p-octamolybdate supported 
metal-organic compounds by Chen et al. [187], Cadmium thiola- 
to-carboxylate coordination complexes was investigated by Ge 
et al. [188], manganese complex with 4,4'-bipyridine and methyl 
benzoate ligands by Wu et al. [189], and rare earth compounds 
with 3-methylbenzoic acid by Zhao et al. [190], 

Metal endohedral fullerenes were studied with 2D XANES and 
2D IR by Marcelli et al. [237], Ionic transport in crystalline ionic 
gel electrolytes was studied with 2D IR by Park et al. [301 ]. The 
energy transfer among lanthanide ions during the luminescence 
process was investigated with 2D UV-visible and fluorescence 
hetero-spectral correlation by Huang et al. [435], Zinc organic 
phosphate was analyzed with 2D IR by Sun et al. [436], 

4.13. Industrial chemicals, reaction systems, and miscellaneous 
compounds 

2D correlation spectroscopy was used in the analysis of a num¬ 
ber of industrial chemicals. For example, Feng et al. [343] discussed 
the use of 2D NIR for the prediction of viscosity index of engine oil. 
Kim et al. [251] and Kim and Chung [437] used 2D Raman for the 
analysis of lube base oil and adulterated olive oil. Pereira and Pas- 
quini [320] analyzed gasoline by 2D IR. Gu et al. [284] used 2D NIR 
for the detection of organophosphorous insecticide phoxin in 
water. Kwok and Taylor [368] used 2D Raman imaging for the 
detection of counterfeit pharmaceutical packaging. 

Various chemical reaction systems were examined by using 2D 
correlation spectroscopy. Competing amidation of oxirane ring 
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opening and amide formation reactions in epoxidized methyl ole- 
ate and aniline was analyzed with 2D NIR by Del Rio et al. [79], 
Isomerization of o-xylene catalyzed by zeolite was studied with 
2D IR by Fernandez et al. [80], Cu(l)-catalyzed azide-alkyne “click” 
cycloaddition was examined with 2D IR by Sun and Wu [81], 
Chemical reaction dynamics of sterically hindered alkanolamine 
and C0 2 was investigated with 2D IR by Cheon et al. [89], The con¬ 
version of carbanion to bicarbonaion in the aqueous reaction of 
C0 2 and NH 3 was analyzed with 2D IR by Choi et al. [90], The reac¬ 
tion of phenol with phenylisocyanate to produce diphenylurethane 
isomers was investigated with 2D NIR by Spegazzini et al. [94], 
Bergman cyclization reaction of enediyne was studied with 2D IR 
by Gredicak et al. [256]. Titration of protonated Schiff base of n- 
butylretinal titrated with trifluoroacetic acid was examined with 
2D IR by Biliskov et al. [279], 

A variety of chemical compounds are also studied. Dielectric sil¬ 
icon oxcarbide thin films made by plasma enhanced chemical va¬ 
por was studied with 2D IR by Hwang et al. [21], Oxidation 
reaction of tyrosine was examined with 2D fluorescence by Sun 
et al. [85], Polyhedral oligomeric silsequioxanes undergoing hydro¬ 
lytic condensation reaction was analyzed with 2D IR by Qu et al. 
[93], Degradation reaction of organophosphane compounds on 
hematite or goethite nanoparticles by sun light was studied with 
2D DRIFTS by Makie et al. [128], Gelation of N-octyl-D-gluconamide 
upon cooling was analyzed with 2D NIR by Sun et al. [159], Hydro- 
gen-bonded aggregates of matrix-isolated propanol clusters were 
probed using 2D IR by Balevicius et al. [169]. 

The 2D IR detection of phase transition of polymorphic or meso¬ 
morphic compounds was proposed by Zimmermann and Baranovic 
[206], Fermi dyads of C0 2 with different local density were investi¬ 
gated with 2D Raman by Idrissi et al. [248], 2D SERS study of the 
mechanism of pH-dependent signal enhancement effect for p- 
aminobenzenethiol on Ag nanoparticles was reported by Ji et al. 
[274], Optimization of the detection of S0 2 , NO, and N0 2 gases with 
2D IR was reported by Wang et al. [306], Diurea crosslinked bridged 
silsequioxanes derived from organosilane precursor with variable 
molecular composition of central spacer length were analyzed with 
2D IR by Fernandes et al. [323], Crystalline 13 C and 15 N-labeled ami¬ 
no acid was studied with covariance 2D NMR by Takeda et al. [438], 

5. Analytical probes 

One of the unique features of 2D correlation spectroscopy is its 
flexibility and versatility of allowing different types of analytical 



Fig. 4. Analytical probes used 2D correlation spectroscopy. 


probes, such as IR, Raman, NIR, NMR and many others, to be freely 
selected for the examination of specific sample systems. The addi¬ 
tional capability of this technique to combine datasets obtained 
with multiple probes by the hetero-spectral correlation analysis 
is also a very attractive feature. Fig. 4 shows the distribution of 
probes used among 461 published articles appeared during this 
survey period. 

5.1. Infrared 

IR is by far the most commonly used spectroscopic probe in 2D 
correlation analysis, representing about 60% of the probes found in 
2D correlation spectroscopy literature reviewed here [11,14-17, 
20-24,26-32,35-42,44-50,52,53,58-60,62,65,67,69-76,80,81,83, 
86,88-90,92,93,95,96,103-105,107-109,113-122,124-128,130, 
135,136,138-143,145-153,155,156,158,160-162,166-172,175-196, 
199-202,204-206,208-222,224,226,228-240,243-245,247,25,33, 
34,43,51,54-57,61,63,64,66,68,77-79,82,84,85,87,91,94,97-102, 
106,110-112,123,129,131-134,137,144,154,157,159,163-165,173, 
174,197,198,203,207,223,225,227,241,242,246,248-256,258-264, 
266,269,275,277-279,281-283,285,291-293,295,299,301,304,306, 
307,310,312-314,316-319,323,327,329-333,335-339,341,346-348, 
353,354,356,357,361-363,369,372,374,380,382,384,385,387,389, 
391,394,401-403,405,406,408,410-432,436], The use of IR spec¬ 
troscopy had always been very strong in the past, but the 
overwhelming dominance of the use of IR probe indicates even 
greater popularity of 2D IR correlation spectroscopy as a well- 
established analytical technique in the field. 

A notable trend during this review period for 2D correlation IR 
spectroscopy studies has been the increased reference to attenu¬ 
ated total reflection (ATR), reflecting the popularity of this mea¬ 
surement technique in many applications [15,17,20,30-32,37, 
39,42,44-47,67,72,81,86,92,103,120,206,213,253,263,269,275,278, 
281,291,293,295,310,319,329,336,339,157], Other IR techniques 
employed in conjunction with 2D correlation analysis include dif¬ 
fuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
[65,128,136,155,259], infrared reflection absorption spectroscopy 
(IRRAS) [202,205,346,353,354], surface enhanced IR absorption 
spectroscopy (SEIRAS) [86,347,348], photoacoustic spectroscopy 
(PAS) [14], IR dichroism [356], as well as the use of synchrotron 
radiation source [83], Several examples of hetero-spectral 
correlation studies were reported, combining IR spectroscopy 
with other probes, such as Raman [145], NIR [75,111,263], NMR 
[69,108,394], and XPS [204], 

5.2. Raman 

Raman probe [18,35,61,64,77,106,137,145,203,223,241,242, 
248,251,267,270,271,273,274,276,286,287,289,294,309,320,322,3- 
26,337,342,345,346,349,350,352,353,359,360,367,368,375,377,27- 
2,444] is also used extensively in 2D correlation spectroscopy. A 
number of techniques associated with Raman spectroscopy, such 
as surface enhanced Raman spectroscopy (SERS) [18,64,137,271, 
274,276,309,326,342,345,349,360], Raman optical activities (ROA) 
[270,439], deep UV resonance Raman [77,106,273,375], Raman 
microscopy [337], and spectral imaging [367], were found in vari¬ 
ous 2D Raman studies. The use of hetero-spectral correlation of Ra¬ 
man spectroscopy with IR [145] or XAS [353] measurement was 
also reported. 

5.3. Near infrared 

The application of 2D correlation in near infrared spectroscopy 
[3,25,32,34,43,49,61,66,68,75,79,94,111,122,132,153,154,159,163- 
165,167,173,174,232,263,277,284,289,290,308,315,324,327,340, 
343,365,390,392,394,400,404] is popular, especially for the 
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investigation of hydrogen bonding and the characterization of 
samples in many practical applications. Hetero-spectral correlation 
of NIR spectroscopy with other analytical probes, such as IR 
[75,111,263], NMR [324], and visible spectroscopy [327], are re¬ 
ported. Although overshadowed by the huge growth of 2D IR appli¬ 
cations, the actual numbers of publications for both NIR and 
Raman spectroscopy studies are steadily increasing. 

5.4. UV-visible, THz and fluorescence 

The range of optical spectroscopy applications analyzed by 2D 
correlation method extends to the ultraviolet and visible frequen¬ 
cies [78,102,114,177,280,282,300,311,334,382,393,435], 2D UV- 
visible spectroscopy studies also included circular dichoisms (CD) 
[382] and reflectance measurements [95], Hetero-spectral correla¬ 
tion studies of UV-visible spectroscopy combined with NMR [280], 
IR [311,382], NIR [334], and fluorescence spectroscopy [435] were 
reported. Spectroscopic studies utilizing pbobes like far IR or tera¬ 
hertz (THz) spectroscopy are also gaining popularity, and some 
promising applications of THz spectroscopy coupled with 2D corre¬ 
lation were reported [55-57,198], Further growth in this emerging 
area is expected. 

A sizable number of activities for 2D correlation analysis were 
also reported in the field of fluorescence spectroscopy [85,123, 
144,252,288,302,303,337,366,393,435], Since the research activi¬ 
ties in 2D fluorescence had been slowly declining in the past, this 
resurgence of the recent publication record is an encouraging sign 
for the renewed interest in using 2D correlation analysis for fluo¬ 
rescence data. Hetero-spectral correlation of fluorescence with 
UV-visible spectroscopy [435] was also reported. 

5.5. NMR 

Conventional 2D NMR spectroscopy, carried out by the applica¬ 
tion of a train of multiple radio frequency pulses followed by the 
double Fourier transformation of a set of detected free induction 
decay traces, is widely practiced. Survey of this type of 2D NMR 
is beyond the scope of the current review. An alternative approach 
to 2D NMR spectroscopy based on the generalized 2D correlation 
analysis is reviewed in this section. This form of 2D NMR was first 
reported by Eads and Noda [440], and similar ideas called statisti¬ 
cal NMR techniques which use of covariance or correlation coeffi- 
cientis [441,442] were forwarded later. Kirwan et al. [98] provided 
an excellent perspective on the development of various statistical 
2D NMR techniques. NMR is probably one of the most rapidly 
growing areas of the application of 2D correlation spectroscopy. 

A sizable number of applications of 2D correlation analysis in 
the field of NMR, mostly the statistical covariance or correlation 
coefficient analysis, were reported [69,84,90,98-101,108,110,112, 
250,273,304,305,324,328,346,378,379,388,394-399,438,443-454], 
The statistical 2D NMR techniques are essentially the covariance or 
correlation coefficient analysis. Synchronous 2D correlation analy¬ 
sis can be readily applied to the NMR study of a single sample un¬ 
der multiple perturbations or pulse probes, multiple sample 
systems, or even in conjunction with different analytical probes, 
just as in the case of other hetero-sample or hetero-spectral 2D 
correlation analysis. 

Ebbels et al. [443] discussed various forms of the statistical 2D 
NMR in the review of NMR bioinformatics. Various hetero-spectral 
correlation with other probes, such as IR [69,108,394], NIR 
[324,394], UV-visible [273], and mass spectrometry [305,396], 
were also explored. While some workers have recently started 
incorporating the broader concept of generalized 2D correlation 
into their analysis of NMR data, many others still utilize only the 
synchronous covariance or correlation coefficient portion of the 


statistical 2D NMR. It may provide a fertile future growth opportu¬ 
nity for NMR spectroscopists to explore this area of possibilities. 

5.6. X-ray and scattering techniques 

2D correlation analysis was used in some investigations using 
X-ray probes. They include small angle X-ray scattering (SAXS) 
[51,54], wide angle X-ray diffraction (WAXD) [51,54,364], X-ray 
adsorption near edge structure (XANES) [237], X-ray photoelectron 
spectroscopy (XPS) [204,298,334], and X-ray absorption spectros¬ 
copy (XAS) [298,353], Hetero-correlation between SAXS and 
WAXD [51 ], XPS and IR [204], as well as XAS and Raman [353] were 
reported. 2D correlation in time-resolved scattering of light [63] 
and enhanced Rayleigh scattering [268] were also reported. 

5.7. Other analytical probes 

There were several examples of 2D correlation analysis applied 
to mass spectrometry [19,257,305,396,455] and its hetero-correla¬ 
tion with NMR [305,396], Other spectroscopic or spectrometric 
probes used in the field include localized surface plasmon reso¬ 
nance [22], ultrafast spectroscopy [91], retardance [197], dynamic 
mechanical analysis [207,318], dielectric relaxation [359], and 
Mossbauer and gamma ray spectroscopy [297,456], Data from size 
exclusion chromatography [133] and HPLC [134], as well as micro¬ 
scopic images [368], were also analyzed by using 2D correlation 
method. More unusual potential applications of 2D correlation 
analysis include dynamic temperature modulation [87], thermo¬ 
gravimetry [131], molecular dynamics simulation [249], cyclic vol- 
tametery [351], as well as dissolution profiles of pharmaceutical 
tablets [364], 

6. Concluding remarks 

In this survey, some of the noteworthy experimental practices, 
which are advancing forward the frontiers of the field of two- 
dimensional 2D correlation spectroscopy, are reviewed with the 
focus on various perturbation methods currently used to induce 
spectral changes, pertinent examples of applications in various 
fields, and types of analytical probes employed. Types of perturba¬ 
tion methods found in the published literature are very diverse, 
encompassing both dynamic and static effects. Fields of applica¬ 
tions covered by the literature are also amazingly broad, ranging 
from fundamental research to practical applications in a number 
of physical, chemical and biological systems. Aside from IR 
spectroscopy, which is the most commonly used tool, many other 
analytical probes are used in 2D correlation analysis. 

Dynamic perturbations surveyed here relate to not only 
time-dependent physical processes, such as acoustic or pulsed 
mechanical perturbations, sorption, penetration, diffusion and 
evaporation, crystallization and other transient physical phenom¬ 
ena, but also chemical reactions, like polymerization and crosslink¬ 
ing, and biological processes, as well as duration of exposure to 
various stimuli. Static perturbations, much more commonly em¬ 
ployed today in 2D correlation spectroscopy than dynamic coun¬ 
terpart, is dominated by the effect of temperature, which include 
various phenomena, such as conformational changes of proteins, 
association, self-assembly and gelation, hydrogen bonding interac¬ 
tions, melting, crystallization, and glass transition, and other 
transition phenomena, various structural changes, and tempera¬ 
ture-induced chemical reactions. The influence of concentration, 
such as pH effect, compositions of solution mixtures, ionic liquids, 
ionic species, dissolved gasses, blends and composites, and the use 
of designed concentration series, are reported. Other static 
perturbations include various electro-magnetic effects, mechanical 
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deformation, pressure and compression, and even spatial 
distributions. 

Polymers are extensively studied, including bio-based and bio¬ 
degradable polymers, thermo-responsive polymers, water-soluble 
polymers, liquid crystalline polymers, thermosetting polymers, 
block copolymers and blends, a number of conventional polymers, 
as well as polymer matrices incorporating small molecules within. 
Other materials studied by 2D correlation spectroscopy include 
nano particles and nano composites, proteins, and peptides, and 
other biomolecules, bio-based materials and biological samples 
like living cells, food products, and environmental samples. 2D cor¬ 
relation spectroscopy is used in medical, physiological, and phar¬ 
maceutical applications, traditional Chinese medicines, pure 
liquids and solution mixtures, colloids, interfaces, and electrode 
surfaces, inorganic-organic hybrids and ionic species, industrial 
chemicals, and various reaction systems. 

Analytical probes employed are currently dominated by infra¬ 
red, but other probes are also used, such as Raman, near infrared, 
UV-visible, THz and fluorescence, NMR, X-ray spectroscopy and 
scattering techniques, and other analytical methods, like mass 
spectrometry and chromatography. The ever expanding trend in 
depth, breadth and versatility of 2D correlation spectroscopy tech¬ 
niques and their broad applications all point to the robust and 
healthy state of the field. 
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